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Abstract  

The gas-phase quenching reaction C(1D) + N2 ® C(3P) + N2 has been investigated 

experimentally over the temperature range 50 - 296 K using a supersonic flow reactor. C(1D) 

atoms were produced in-situ by the pulsed multiphoton dissociation of CBr4 precursor molecules. 

Rate constants for this process were measured using a chemical tracer method whereby the C(1D) 
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+ H2 ® CH + H reaction was employed to follow C(1D) decays by monitoring vacuum ultra 

violet laser induced fluorescence of the atomic hydrogen product at 121.567 nm. The 

deactivation rates are seen to increase at lower temperature indicating the likely influence of the 

CNN intermediate complex lifetime on intersystem crossing for this system. We also performed 

electronic structure calculations of relevant C(3P)-N2 and C(1D)-N2 potential energy curves as 

well as triplet-singlet spin-orbit coupling terms using the explicitly correlated internally 

contracted multireference configuration interaction method (ic-MRCI-F12). The calculations 

were performed for the collinear and perpendicular approach of the C atom towards the N2 

molecule which allowed us to construct the approximate spherical (isotropic) potential model of 

C-N2(j=0). The computed reduced dimensional potentials were used in quantum close coupling 

scattering calculations of the electronic quenching cross sections and rate constants. While the 

calculated potential energy curves form the basis for a good qualitative description of the 

reaction, the calculated rate constants are significantly smaller than the measured ones, and fail 

to reproduce the temperature dependence of the experimental results. Several possible reasons 

are provided to explain the origin of these differences.  
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1 Introduction  

As atomic carbon is an important species in combustion, hydrocarbon synthesis and in 

interstellar space, considerable attention has been paid to its chemistry in both its ground C(3P) 

and excited C(1D) states. The kinetics1-3 and dynamics4-7 of C(3P) reactions have been well 

studied for a number of years by both theoretical and experimental means with a particular 

emphasis on those processes involving saturated and unsaturated hydrocarbon compounds. 

Experimental measurements of C(1D) reactions are less numerous, given the lack of convenient 

clean sources of this excited atomic species. Nevertheless, certain processes such as the C(1D) + 

H2 reaction have been well characterized due to the possibility for comparison with the results of 

state-to-state quantum mechanical calculations.8-11 Whilst dynamical investigations for the 

reactions of C(1D) with CH4, C2H2, C2H4, C3H6 and HCl have also been reported over a range of 

collision energies,12-17 very few temperature dependent kinetic studies of C(1D) reactions are 

available in the literature. To the best of our knowledge, the only measurements of temperature 

dependent rate constants for C(1D) reactivity were recorded by some of the present authors in 

very recent investigations of the C(1D) + CH3OH and C(1D) + H2 reactions over the 50-296 K 

temperature range.18,19 While temperature dependent studies of the deactivation of excited state 

atomic oxygen, O(1D), are common due to its importance in the Earth’s atmosphere (including 

kinetic measurements of non-reactive quenching with noble gases and N2; see for example, 

Grondin et al. 201620), only room temperature kinetic measurements of non-reactive processes 

involving C(1D) have been reported. In common with O(1D), quenching of C(1D) back to the 

ground state is expected to be more efficient with the heavier noble gases than the light ones due 

to more efficient non-adiabatic transitions between the singlet and triplet state through increased 

spin-orbit coupling.21 Moreover, for O(1D), the transfer efficiency is seen to be a relatively 
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temperature independent process.20,22 For both O(1D) and C(1D) collisions with N2, no exothermic 

product channels are available, so that the only other possible outcome is quenching to the triplet 

ground state through intersystem crossing. Interestingly, the measured increase in the rate for 

non-reactive quenching of O(1D) with N2,20,23,24 is indicative of the role played by the N2O(X1S) 

intermediate complex as discussed by Defazio et al.,25 whereby its increased lifetime at low 

temperature enhances the crossing probability. In order to test this hypothesis, it is interesting to 

perform an investigation of the analogous C(1D) quenching process, extending the measurements 

to even lower temperatures to shed more light on the role of complex formation in systems of 

this type.  

As a secondary consideration, the C(1D) + N2 quenching process might be important in the 

atmospheres of planetary bodies such as Titan, which is primarily composed of molecular 

nitrogen. In Titan’s upper atmosphere, the photolysis of molecules such as CO and C3 in the 

vacuum ultraviolet wavelength range could lead to the production of non-negligible quantities of 

C(1D) atoms.26,27 The fate of C(1D) produced in this way would be highly dependent on the rate 

of the C(1D) + N2 quenching process at the appropriate low temperature. If quenching were 

found to be inefficient, C(1D) would have ample time to react with the other major constituents 

of Titan’s atmosphere, CH4
16 and H2.19 The only previous measurements of the rate constant for 

the C(1D) + N2 reaction were reported by Braun et al.28 and by Husain & Kirsch29 using vacuum 

ultraviolet flash photolysis of carbon suboxide C3O2 as the source of C(1D). The decay of these 

atoms was subsequently followed by absorption spectroscopy at 193 nm in the presence of an 

excess concentration of N2. These authors obtained room temperature deactivation rates of 2.5 ´ 

10-12 cm3 molecule-1 s-1 and (4.2 ± 1.2) ´ 10-12 cm3 molecule-1 s-1 respectively. 
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In this paper we report an experimental and theoretical investigation of the deactivation rate of 

the C(1D) + N2 reaction. Kinetic measurements were performed over the temperature range 50 – 

296 K, using a supersonic flow reactor coupled with pulsed laser photolysis for C(1D) production 

and a vacuum ultraviolet laser induced fluorescence tracer method to follow indirectly the 

kinetics of C(1D) loss. Sections 2 and 3 describe respectively the experimental methods used in 

the present work and the results obtained. Section 4 describes the theoretical approaches used to 

obtain the relevant potential energy surfaces that were used in quantum scattering calculations. 

The theoretical results are also presented in section 4 and are discussed in light of the 

experimental results. Our conclusions are developed in section 5. 

2 Experimental Methods 

The measurements described in this paper were performed using the Bordeaux continuous 

supersonic flow reactor. As this technique is well documented30 and the details of the present 

apparatus have been reported elsewhere,31,32 only features specific to the current investigation 

will be presented here. Supersonic flow temperatures of 50 K, 75 K and 127 K were generated 

through the use of three axisymmetric Laval nozzles employing argon as the carrier gas. As the 

aim of the present investigation was to obtain rate constants for the C(1D) + N2 reaction, it was 

not possible to use our fixed density N2 based nozzles. Room temperature experiments (296 K) 

were performed in the absence of a Laval nozzle with a reduced flow velocity compared to the 

low temperature experiments, avoiding pressure gradients within the reactor.  

C(1D) atoms were produced by the 266 nm pulsed multiphoton dissociation of CBr4 molecules 

which were entrained in the flow by passing a secondary argon flow over solid CBr4 held in a 

separate reservoir at a known fixed pressure. As the photolysis laser was coaligned along the 

reactor axis, a column of carbon atoms of uniform density was created downstream of the Laval 
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nozzle. The concentration of CBr4 molecules within the supersonic flow was estimated to be less 

than 2 ´ 1013 molecule cm-3. The ratio of the photolysis yield of C(1D) atoms with respect to 

C(3P), C(1D)/C(3P), was found to be 0.10 - 0.15 in our previous studies of C(1D) and C(3P) 

reactions under similar conditions.18,19,33,34 It is also possible that low concentrations of C(1S) 

atoms could be present in the flow. Rate constants for the C(1S) + H2 and C(1S) +N2 reactions 

have been measured35 to be < 5 ´ 10-12 cm3 molecule-1 s-1 and 3.2 ´ 10-12 cm3 molecule-1 s-1 

respectively at 300K. If these values are also considered to be valid at low temperature, the 

production of H-atoms from the C(1S) + H2 reaction should be negligible compared to the 

quenching of C(1S) atoms by N2. 

The temporal evolution of C(1D) atoms could not be followed directly in the present 

experiments. In order to circumvent this problem, a small quantity of molecular hydrogen was 

added to the flow, maintained at a constant value for any single series of experiments with N2 as 

the excess reagent, thereby employing the pseudo-first-order approximation. Some of the C(1D) 

atoms present in the flow reacted with H2, yielding CH radicals and H-atoms as products, while 

the large majority of C(1D) atoms were quenched to the ground state through collisions with N2. 

Under these conditions, the H-atom temporal profile derives from the total loss of C(1D) atoms 

and not only the part leading to H-atom formation. As a result, if the N2 concentration is varied 

(with [H2] fixed), the change in the H-atom temporal profile is entirely due to the different [N2]. 

The kinetics of the fitting procedure used to extract rate constants is explained in more detail in 

the results section. The H-atoms themselves were detected by on-resonance vacuum ultraviolet 

laser induced fluorescence (VUV LIF) using the 1s 2S ® 2p 2P0 Lyman-a transition at 121.567 

nm. A 10 Hz Nd:YAG pumped dye laser operating at 729.4 nm was frequency doubled by a type 

I BBO crystal. This beam at 364.7 nm was directed and focused into a cell containing 210 Torr 
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of Kr with 550 Torr of Ar for phase matching, producing the required VUV wavelength by third 

harmonic generation. The resulting VUV beam was collimated by a magnesium fluoride lens at 

the cell exit which was positioned at the reactor observation axis, perpendicular to the supersonic 

flow. The VUV emission from excited H-atoms in the flow were collected by a solar blind 

photomultiplier tube. Typically, the measurement of kinetic profiles consisted of the 

accumulation of signal from 30 probe laser shots at each time interval, with at least 40 time 

intervals being recorded for each individual H-atom formation curve. In addition, at least 10 time 

intervals were recorded prior to the photolysis laser, to set the pretrigger baseline value.  

The gases used in the experiments (Ar 99.999%, N2 99.999%, H2 99.9999%, Kr 99.99%) were 

flowed from cylinders without further purification. The use of mass-flow controllers provided 

precise control over their concentrations within the supersonic flow. The mass-flow controllers 

were calibrated using the pressure rise at constant volume method for each individual gas used.  

3 Experimental Results 

Example temporal profiles of the VUV LIF signal obtained by detecting atomic hydrogen 

(produced by the C(1D) + H2 reaction) in the presence of different excess N2 concentrations at 

127 K are shown in Figure 1.  

Under these conditions, the kinetics of hydrogen atom formation is determined by the 

following reactions: 

C(1D) + H2 ® CH + H  (1) 

C(1D) + N2 ® C(3P) + N2  (2) 

C(1D) + Ar ® C(3P) + Ar  (3) 

C(1D) + CBr4 ® products  (4) 

C(1D) ® diffusion   (5) 
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H + X ® products   (6) 

H ® diffusion   (7) 

where X is any other species in the supersonic flow that removes atomic hydrogen. 

C(1D) is lost through reaction with H2 and with its precursor CBr4, by quenching with N2 and 

the carrier gas Ar and by diffusion. The H-atom product VUV LIF signal (IH) is characterized by 

a rising part followed by a slower decay, consistent with H-atoms being formed by reaction (1) 

and lost through reactions (6) and (7). The temporal profiles of atomic hydrogen obtained at 127 

K shown in Figure 1 were obtained in the presence of high (3.4 ´ 1015 molecule cm-3) and low 

(4.3 ´ 1014 molecule cm-3) N2 concentrations. 

 

 

Figure 1 H-atom fluorescence signals as a function of time recorded at 127 K. (Blue open 

circles) [N2] = 4.28 ´ 1014 molecule cm-3. (Red filled circles) [N2] = 3.36 ´ 1015 molecule cm-3. 

The lower H-atom signal amplitude at higher [N2] results from an increased loss by quenching 

(see text). The fits to the data begin after a few microseconds have elapsed due to negative 

baseline values which arise as the photolysis laser passes close to the gate of the boxcar. 

The H-atom signal is represented by the following biexponential function: 



 9 

 

where A is a constant representing the theoretical amplitude of the H-atom signal in the 

absence of competing loss processes and  and  are the pseudo-first-order rate constants for 

H-atom formation and loss respectively.  

governs the rise time of the H-atom signal and comprises several terms: 

 

, ,  and  are the pseudo-first-order rates for 

processes (1), (3), (4) and (5) which are constant terms as [H2], [Ar] and [CBr4] are fixed for any 

series of measurements. is the pseudo-first-order rate for reaction (2), meaning that  

varies as a function of [N2] for any series of measurements. Nevertheless, as the fraction of C(1D) 

lost through quenching increases with [N2], the H-atom signal amplitude should decrease at 

higher [N2]. Hence the uncertainty of H-atom profiles recorded at high [N2] will be larger then 

the corresponding low [N2] ones. 

governs the slow decay of the H-atom signal which is composed of two terms: 

 

 and  are the first-order losses by reaction and by diffusion of atomic hydrogen 

respectively. In this instance,  is dominated by diffusion.  

A minimum of 36 H-atom decay profiles were recorded for at least 6 different N2 

concentrations at each temperature. Values of the pseudo-first-order H-atom formation rate, , 

were plotted against the corresponding N2 concentration. Examples of such plots are shown in 
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Figure 2 with the second-order rate constant being derived from the slopes of fits to the data, 

weighted by the statistical uncertainty of the first-order rates. 

 

 

Figure 2 Pseudo-first-order rate constants for reaction (2) as a function of [N2] recorded at 50 K 

(blue filled circles). A weighted linear least squares fit (solid blue line) yields the second-order 

rate constant k2. The error bars reflect the statistical uncertainties at the level of a single standard 

deviation obtained by fitting to H-atom VUV LIF profiles such as those shown in Figure 1.  

The y axis intercept value of this plot reflects the pseudo-first-order losses of C(1D) atoms by 

processes (1), (3), (4) and (5). In this example, [H2] = 1 ´ 1013 molecule cm-3, [CBr4] = 2 ´ 1013 

molecule cm-3 and [Ar] = 2.59 ´ 1017 atom cm-3. The rate constant for the C(1D) + H2 reaction has 

been measured at 50 K19 with a value of 2.65 ´ 10-10 cm3 molecule-1 s-1 leading to a pseudo-first-

order loss rate of 2700 s-1. The rate constant for reaction (3) is small, with an upper limiting value 

of 1 ´ 10-15 cm3 molecule-1 s-1 at 300 K36 leading to a pseudo-first-order loss rate of 260 s-1 if we 

assume a similar rate constant at 50 K. The diffusional loss rate for C(1D) is likely to be around 

3000 s-1 considering earlier measurements of the diffusional loss of C(3P) atoms under similar 

conditions.34 The rate constants for reaction (4) are unknown, but it is likely these are high, with 
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values that might be similar to those of reaction (1). If we estimate a rate constant of 2 ´ 10-10 

cm3 molecule-1 s-1 for this process, we obtain a pseudo-first-order loss rate of 4000 s-1. The sum 

of these pseudo-first-order loss rates is thus entirely consistent with the measured ones in the 

absence of N2. 

The measured rate constants are presented as a function of temperature in Figure 3 and are 

summarized alongside other relevant information in Table 1. 

 

 

Figure 3 Rate constants for the C(1D) + N2 reaction as a function of temperature. Braun et al.28 

(red filled triangle); Husain & Kirsch29 (green filled square); this work (blue filled circles). 

Experimental uncertainties represent the combined statistical errors on the second-order rates and 

and include estimated systematic errors (10 %). 

Table 1 Measured rate constants for the C(1D) + N2 reaction 

T / K 
[N2]max / 1015 

molecule cm-3 
Flow density / 1016 
molecule cm-3 Na 

k2 / 10-12 

cm3 molecule-1 s-1 

50 ± 1b 5.7 25.9 ± 0.9b (Ar) 38 14.8 ± 1.5c 

75 ± 2 4.1 14.7 ± 0.6 (Ar) 39 10.7 ± 1.1 

127 ± 2 3.4 12.6 ± 0.3 (Ar) 36 8.3 ± 0.9 
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296 11.3 16.3 (Ar) 46 5.3 ± 0.5 

a Number of individual measurements. 

b The errors on the temperature and flow density, cited at the level of one standard deviation 
are calculated from separate measurements of the impact pressure using a Pitot tube as a function 
of distance from the Laval nozzle and the stagnation pressure within the reservoir. 

c The uncertainties on the second-order rates were calculated from the statistical uncertainty of 
the pseudo-first-order rates and include systematic errors. Systematic errors could have arisen 
from inaccuracies in the measured flow rates, pressures and temperatures and have been 
estimated to have an upper limit of 10%. 

 

The measured room temperature rate of (5.3 ± 0.5) ´ 10-12 cm3 molecule-1 s-1 is seen to be 

slightly larger than the previous measurement by Braun et al.,28 but it agrees well with the value 

obtained by Husain & Kirsch29 of (4.2 ± 1.2) ´ 10-12 cm3 molecule-1 s-1 using a different detection 

method. The quenching rate constants show a clear negative temperature dependence, increasing 

to a value of (14.8 ± 1.5) ´ 10-12 cm3 molecule-1 s-1 at 50 K. This increase is more pronounced for 

the C(1D) + N2 reaction than the one measured for the equivalent O(1D) + N2 quenching process 

over the same temperature range,20 although the experimental rate constants for the title reaction 

are approximately 5 times smaller.  

4 Theoretical approach 

In order to have an insight into the behavior of the experimental rate constants, we performed a 

theoretical study of the title process. The first step of a collisional study consists in the 

determination of the interaction potentials between colliding particles. Computing global C(3P)-

N2 and C(1D)-N2 potential energy surfaces and the corresponding spin-orbit couplings represents 

a very challenging task. Their use in exact quantum scattering calculations is even more 

complex. This is why we decided to use a reduced dimensional approach where the N2 molecule 

is described as a structureless sphere. Such an approach implies to fix the N2 intermolecular 
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distance and to compute the interaction potential for limited N2 orientations. The scattering 

calculations are, in that case, equivalent to atom-atom collisions. Using such an approximate 

treatment, we do not expect quantitative agreement between theoretical and experimental data. 

Interaction Potentials 

The C-N2 PESs are described by the two Jacobi coordinates R the distance from the center of 

mass of N2 molecules to the C atom, and q, the angle between R and the N2 bond axis r. We 

consider that the N2 molecule only approaches the carbon atom collinearly (q=0o) or 

perpendicularly (q=90o) and we describe the electronic states that arise in terms of the 

representations of the C2v group of symmetry. The approach of the N2 molecule will lift the 3-

fold degeneracy of the ground electronic C(3P) term causing the appearance, in the collinear 

geometry, of two triplet states, the ground X3S- and doubly-degenerate A3P. In the case of the 

excited term C(1D) lying 10000 cm-1 above the ground state of the C atom, the five-fold 

degeneracy is lifted by the N2 forming first the lower lying doubly-degenerate a1D state, then the 

b1S+ state and finally the doubly-degenerate 11P state.  

We use the explicitly correlated version37 of the internally contracted multi-reference 

configuration interaction method38 with single and double excitation and Davidson correction39 

for higher excitations (Q), ic-MRCISD-F12+Q, for calculations of the potential energy curves 

originating from the interaction of the C atom in its 3P and 1D electronic terms with the ground 

electronic state of the N2 molecule. We employ the augmented, correlation-consistent triple-zeta 

basis set with density fitting basis (JKFIT/MP2FIT) as implemented in the MOLPRO 

program.40,41 This basis together with tailored density fitting basis for the explicitly correlated 

method provides almost complete basis set quality results with great computational savings. The 

reference wave functions were obtained from state-averaged complete active space self-
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consistent field (SA-CASSCF) calculations with 14 electrons distributed among 12 orbitals in the 

active space spanned by 2s and 2p valence orbitals of C and N atoms. The remaining six 

electrons were distributed among three core orbitals (1s), which were kept frozen in the MRCI-

F12 calculations. The state averaging was done for three triplet and five singlet states. The 

interaction energy was calculated with respect to the asymptotic energy at R = 200 bohr and was 

not corrected for the basis set superposition error. We have also computed spin-orbit (SO) 

transition matrix elements42 between singlet and triplet states of C-N2 under consideration using 

MRCISD-F12 electron densities and Breit-Pauli Hamiltonian. All the calculations have been 

performed with the MOLPRO 2012 suite of ab initio codes.41 

A. Collinear Potential Curves (q=0o) 

The potential energy curves for the collinear approach of the N2 molecule towards the C atom 

are shown in Figure 4. The 3S- and 3P electronic states shown correlate to the C(3P)-N2(X1Sg
+) 

asymptotic limit and the 1D, 1S+ and 1P electronic states correlate to the excited state C(1D)-

N2(X1Sg
+) asymptote. The formation of the ground state CNN(X3S-) radical is exothermic with 

the MRCISD-F12 exothermicity calculated to be 11368.98 cm-1 (-32.5 kcal/mol). Clifford et al.43 

estimated the endothermic dissociation of the CNN(X) to C(3P) + N2 products to be 37 ± 3 

kcal/mol, which is in fairly good agreement with our calculated value. The X3S- curve exhibits a 

small submerged (below the asymptotic threshold) barrier of 253.14 cm-1 before the deep 

minimum of the CNN(X) radical. This barrier is located at a distance of R = 4.85 bohr. As a 

result, the C(3P) + N2 ® CNN(X3S-) association reaction is also barrierless although in this case 

there are no possible bimolecular product channels. The van der Waals minimum of the X3S- 

state is 487.4 cm-1 deep located at R = 5.9 bohr. The formation of the excited state a1D seems to 

evolve on the 1D curve without a barrier. There are higher lying electronic terms of the collinear 
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CNN radical, b1S+, A3P and 11P with fairly deep minima for which we show interatomic 

distances and excitation energy data in Table 2. The excitation energies compared to previous 

theoretical results of Pd et al.44 and the experiment of Clifford et al.43 are in very good agreement. 

The theoretical values were corrected from zero point energy (ZPE) using the following method: 

We have optimized the C(3P)+N2 channel to get the N2 ZPE and optimized the CNN and NCN 

molecules at the MRCIF12/AVTZ level. Both CNN and NCN are collinear. The difference in 

ZPE compared to the asymptote is 255 cm-1.  The geometry optimization with MRCIF12/AVTZ 

for collinear CNN leads to the following parameters: RCN = 1.236 Å and RNN = 1.198 Å. There is 

another isomer corresponding to the NCN(3S) collinear arrangement. This molecule is 

energetically stable and lying 22813 cm-1 below the C(3P)-N2 channel and is a global minimum 

of the CN2 system. The optimized RCN bond length in NCN is 1.228 Å. The barriers on the 

triplet surfaces for collinear and perpendicular approach of C to N2 are sufficiently large enough 

to close that channel. There is a smaller barrier of around 1093 cm-1 at perpendicular approach 

with respect to C(1D)-N2 channel to form a singlet excited state of bent CN2 belonging to the C2v 

symmetry group. Another product channel to consider is CN(2P)+N(4S), but this channel is 

20204 cm-1(without ZPE correction) above the C(3P)-N2 asymptotic channel and is well above 

the C(1D)-N2 channel and therefore inaccessible under the present experimental conditions. 

The approach of the N2 molecule to the C(1D) carbon atom will evolve on the 1D state for 

relatively low collision energies and will experience crossing at R ≈ 5 bohr (therefore slightly 

before the submerged barrier on the X3S- state) with the 3P  adiabatic curve correlating to the 

ground state C(3P)-N2 products.  



 16 

 

Figure 4 Potential energy curves for the collinear approach (θ = 0◦) of the C atom to the N2 

molecule correlating with the ground C(3P)-N2 and excited C(1D)-N2 asymptote. For each Jacobi 

distance R the r(N-N) distance is optimized for the 1D state at the CASSCF/AVTZ level.  

Table 2 Equilibrium geometries and adiabatic excitation energies (this work, without zero-point 

energy) for the ground and first few excited electronic states of the linear CNN radical. 

 
Interatomic Distancesa / Å Interaction Energiesa / cm-1 

State r(C-N) r(N-N) MRCI-F12 Pd et al.b Experiment 

11Π  1.2095 1.1741 34023 33010 … 

𝐴"3Π  1.2259 1.1784 23825 23850 23850 ± 120d 

𝑏$1Σ+ 1.2711 1.1864 10588 12115 10690 ± 120c 

𝑎&1∆  1.2616 1.1852 6803 7879 6830 ± 120c 

𝑋$3Σ-  1.2494 1.1833 0 0 0 
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aValues correspond to the minima shown in Figure 4. The r(N-N) distance corresponds to the 
value optimized for the 1D state at the CASSCF level at each Jacobi distance R. It is not the true 
equilibrium distance for each of the particular states. 

bPd et al.44 

cClifford et al.43 

dTentative assignment 

B. Perpendicular Potential Curves (q=90o) 

The potential energy curves for the perpendicular approach of the C atom towards the N2 

molecule are shown in Figure 5. The two Π and two  D triplet and singlet states that were 

degenerate in the collinear approach will split in this case into B1 and B2 and A1 and A2 

representations of the C2V symmetry group, respectively. Therefore we label the states with the 

representations of the C2V group and the 3A2 term will correspond to the 3S- state, 3B1 to 3Πx, 3B2 

to 3Πy (and similarly for singlet states), 1A1 will contain 1S and 1Dx2−y2 states and 1A2 will 

correspond to the 1Dxy state. The lowest state with a deep minimum at short distance is the 11A1 

state, which is 1Dx2−y2. The other states have usually long range minima and are repulsive, with 

some minima formed at short distances, for example in the 3B1 or 1B1 cases.  
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Figure 5 Potential energy curves for the perpendicular (θ = 90◦) approach of the C atom to the 

N2 molecule correlating with the ground C(3P)-N2 and excited C(1D)-N2 asymptote. For each 

Jacobi distance R the r(N-N) distance is optimized for the 1A1(1D) state at the CASSCF/AVTZ 

level. The interaction energies are expressed with respect to the X3S- collinear minimum. 

In Figure 6 we show how the interatomic distance of the N2 molecule changes during the 

collinear and perpendicular approaches (the insert shows the atomic arrangements for these two 

approaches) optimized at the CASSCF level for the 1∆ state. One can see that the N2 molecule 

stretches by about 0.2 bohr in comparison to the asymptotic equilibrium value upon the 

formation of the collinear CNN radical. For the perpendicular approach the N2 molecule is 

enlarged by the approaching C atom to form a bent CN2 radical. Such plots clearly show that the 

rigid N2 approach is approximate and could be responsible for significant uncertainties in the rate 

constant calculations. 
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Figure 6 Plot of the optimized diatomic r(N − N) distance at the CASSCF/AVTZ level for the 

collinear (θ = 0◦) and perpendicular (θ = 90◦) C-N2 approaches at each distance R for the 1∆ 

state.  

C. Spherically averaged potentials 

To obtain the potentials for the approach of the C atom to the spherical N2, we averaged the 

above potentials obtained for θ = 0◦ and θ = 90◦ degrees by using the following formula: 
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where i denotes 3S-, 3Px, 3Py for the triplets and 1S+, 1Px, 1Py, 1Dxy and 1∆x2−y2. As described 

above, the P and D electronic states are not degenerate in the perpendicular potential curves. This 

is why two sets of average potentials were obtained. We show these averaged potential curves in 

Figure 7. There is a van der Waals local minimum of -247 cm-1 with respect to the non-

relativistic C(3P)-N2 asymptotic limit on the lowest X3S- potential located at R = 6.0 bohr. On the 

same average potential there is a barrier of 337 cm-1 above the C(3P)-N2 asymptotic limit. The 

global minimum on the average 3S- potential is located at Re = 3.55 bohr and is 1630 cm-1 deep. 

The 3Px average potential has a shallow van der Waals minimum of 40 cm-1 at Re = 8.1 bohr. The 

3Py potential has a similarly shallow minimum of 34 cm-1 at Re = 8.2 bohr. In general, the 3Px 

and 3Py average potentials are very similar to each other and can be treated as being 

approximately degenerate up to a distance of 4.5 bohr. There are two interesting intersystem 

crossings from the point of view of energetic accessibility in the quenching process. The first one 

is between the 1D and 3P potentials located at R = 4.61 bohr with an energy of 9600 cm-1 above 

the C(3P)-N2 asymptote, but around 435 cm-1 below the excited state C(1D)-N2 asymptotic limit. 

The second one is located at shorter distance between the 1Dx2−y2 state that is characterized by the 

deep minimum with respect to the C(1D)-N2 asymptotic limit. This crossing is at R = 3.09 bohr at 

an energy of 5230 cm-1 above the C(3P)-N2 asymptote and 4196 cm-1 below the C(1D)-N2 

asymptotic limit. Both 1D states can also be treated as being approximately degenerate up to a 

distance of 4.5 bohr. There is another intersystem crossing accessible only for higher collision 

energies of C(1D) atoms. This crossing is between the 1S and 3P curves at R = 4.4 bohr and at an 

energy of 13790 cm-1 above the C(3P)-N2 asymptote, which is approximately 3760 cm-1 above the 

C(1D)-N2 asymptotic limit. Therefore, collision energies of C(1D) with N2 of around 4000 cm-1 

are needed to access this crossing. The remaining singlet 1S and 1P curves are mostly repulsive, 
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save for shallow minima at long range. The 1S curve exhibits a local minimum at shorter 

distance, similar to the 3P curves, originating from the electronic states of the linear CNN 

radical.  

 

Figure 7 Spherically averaged potential energy curves for the C-N2(j = 0) system correlating 

with the ground C(3P)-N2 and excited C(1D)-N2 asymptote.  

D. Spin-Orbit Coupling Matrix Elements 

The calculated spherically averaged Spin-Orbit (SO) matrix elements that are employed in the 

scattering calculations are shown in Figures 8 and 9 for the elements between the Cartesian 

triplet projection state and between singlet and triplet projection states, respectively. Up to a 

distance of R = 4 bohr the geometry dependence of the SO matrix elements is quite negligible, at 

short distances, where the linear CNN radical is formed, the SO matrix elements change more 
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comparison to the interaction energy in this region. Generally, the values of the SO matrix 

elements are fairly small, similar to the perpendicular approach. After spherical averaging, their 

values are in the range -20 - +20 cm-1. The variation of the SO matrix elements is much less 

pronounced than in for example the Xe-O(1D)/(3P) quenching system.45 This will directly affect 

the degree of the quenching process. We refer the reader to work of Dagdigian et al.45 for the 

details of how the SO matrix elements are introduced in the scattering Hamiltonian. 

 

Figure 8 Spherically averaged Spin-Orbit (SO) matrix elements between the projection states of 

the C(3P)-N2 Cartesian triplet wave functions calculated at the MRCISD-F12 level of 

theory:𝐴() = 〈1-𝛱(/𝐿12𝑆42/1-𝛱)〉, 𝐴2) = 〈1-𝛱(/𝐿1(𝑆4(/1-Σ〉. 
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Figure 9 Spherically averaged Spin-Orbit (SO) matrix elements between the projection states of 

the C(3P)-N2 Cartesian triplet and C(1D)-N2 singlet wave functions calculated at the MRCISD-

F12 level of theory:𝐵8) = 〈1-Σ/𝐿1)𝑆4)/19𝛱)〉, 𝐵(: = 〈1-𝛱(/𝐿1(𝑆4(/19Δ〉, 𝐵(8 = 〈1-𝛱(/𝐿1)𝑆4)/19Σ〉, 

𝐵88 = 〈1-Σ/𝐿12𝑆42/19Σ〉, 𝐵)( = 〈1-𝛱)/𝐿12𝑆42/19𝛱(〉. 

Quantum Scattering calculations 

As discussed above, we have restricted the scattering problem to atom-atom collisions. In 

order to compute the inelastic cross sections and the corresponding rate coefficients, we use the 

formalism described in Dagdigian et al.45 

In atom-atom collisions, the P and D electronic states are degenerate. As seen above, the P and 

D electronic states are no longer degenerate in the spherically averaged potential. Whereas the P 

states are almost degenerate and can be considered as such in the scattering calculations, the two 

D states significantly differ. Then, we decided to perform two sets of calculations considering 

3 4 5 6 7 8−20

−15

−10

−5

0

5

10

15

20

R / a0

SO
 m

at
rix

 e
lem

en
t /

 cm
−1



 24 

both 1Dxy and 1∆x2−y2 as the 1D electronic state. Time-independent quantum scattering calculations 

were carried out with the HIBRIDON suite of programs.46 Convergence of the cross sections was 

checked with respect to the sector width in the radial integration and the number of partial 

waves. The calculations included all partial waves with total angular momenta J ≤ 130.  We have 

also performed calculations for the cut of the potential and SO coupling matrix elements 

corresponding to the collinear arrangements of C and N2, for  q = 0°. This way we can probe how 

the scattering results are sensitive to the potential averaging. 

Cross sections were calculated on a grid of 5099 total energies over the range 10218 ≤ Etot ≤ 

14218 cm-1. From the inelastic cross sections σ(Ec), one can obtain the corresponding thermal 

rate coefficients at temperature T by an averaging over the collision energy (Ec):  

  

where kB is the Boltzmann constant, and i and f denote the initial and final levels of the 

colliders, respectively. Calculations of the cross sections at total energies up to 3000 cm-1 allow 

the determination of rates up to 300 K without loss of accuracy.   

In Figures 10 and 11, we show the calculated total quenching cross sections and rate constants, 

respectively, with spherically averaged potentials and with the potentials for the collinear 

approach. Both spherical potentials with different D potentials give very similar cross sections 

and rates while the potential for the collinear approach results in increased cross sections and rate 

constants. The total quenching rate constants obtained using spherically averaged potentials are 2 

orders of magnitude smaller than corresponding experimental results. While the general trend of 

the temperature dependence is qualitatively similar, the experimental quenching rate constant 

increases much faster than the calculated one with decreasing temperature. The rate constants 
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obtained with the collinear potential do not reproduce the experimental temperature dependence 

of the quenching process either. This clearly indicates that there are some anisotropic effects in 

the C + N2 quenching collisions.  

The major differences between the theoretical and experimental data can certainly be explained 

by the crude approximations that have been used in the theoretical calculations. Indeed, we 

considered N2 as a rigid rotor, we neglected the rotation of the N2 molecules and the non-

adiabatic couplings were ignored. All these approximations lead to significant underestimations 

of the rate constants. In particular, the large difference between the spherically averaged and 

collinear approach emphasizes the importance of the rotation of the N2 molecules for a correct 

description of the process. Such conclusions could have been anticipated on the basis of previous 

studies that have already shown that neglecting the rotation of the projectile could result in a 

significant underestimation of the collisional rate coefficients.47 It is however difficult to estimate 

the real impact of the other approximations even if we can also anticipate that neglecting the 

non-adiabatic coupling will also lead to an underestimation of the quenching rates. From a 

classical point of view, in the case of atom-atom collisions (the formalism used here) the system 

passes through the crossing point of the singlet-triplet states only twice. One time from the 

entrance valley toward bond formation, and the second time towards separation of the two atoms. 

The temperature dependence of the quenching rate is then governed mostly by long range 

interactions, leading to a relatively weak effect.22,45,48 In the case of atom + molecule reactions, 

the system will explore a much more complex potential surface due to the extra degrees of 

freedom neglected here. As the lifetime of the CNN intermediate will increase with decreasing 

temperature (leading to a notable increase of the number of passages through the crossing point), 

the quenching rate is also expected to increase at lower temperature.   
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Figure 10 Total quenching cross sections from the initial C(1D)-N2 to all final C(3P)-N2 states 

from the scattering calculations with spherical potentials with the 1Dxy (solid black line) or 1Dx
2

-y
2 

(solid red line) state used as the 1D state and with the collinear PES (dashed blue line). 
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Figure 11 Total quenching rate constants from the initial C(1D)-N2 to all final C(3P)-N2 states 

from the scattering calculations with spherical potentials with the 1Dxy (solid black line) or 1Dx
2

-y
2 

(solid red line) state used as the 1D state and with the collinear PES (dashed blue line). 
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leading from C(1D) + N2 reactants and C(3P) + N2 products, including the corresponding spin-

orbit couplings, using a reduced dimensionality approach. Whilst this method provided a good 

qualitative description of the quenching process, scattering calculations performed using these 

surfaces could neither reproduce the magnitude nor the temperature dependence of the 

experimental rate constants which were seen to increase with decreasing temperature. This 

disagreement is likely to originate from the various approximations used in the ab initio 

calculations. The increase in the experimental rate can be explained by the formation of an 

energized CNN intermediate species whose lifetime increases as the temperature falls, thereby 

enhancing the probability for non-adiabatic transitions to occur through spin-orbit coupling.  

In order to evaluate the potential importance of C(1D) chemistry to planetary atmospheres such 

as that of Titan, we should compare its potential non-reactive losses which occur mainly through 

quenching with N2 to its potential reactive losses, primarily with the other major atmospheric 

constituents, CH4 and H2 which make up approximately 5% and 0.5% of the total (mostly N2) 

density respectively. If we consider 150 K as being a representative temperature for Titan’s 

atmosphere, the rate constant for non-reactive quenching by N2 is approximately 8  ´ 10-12 cm3 

molecule-1 s-1 whereas the rate constant for reaction with H2 at 150 K19 is approximately 3  ´ 10-10 

cm3 molecule-1 s-1 while the rate constant of the C(1D) + CH4 reaction has never been measured. 

The H2 mole fraction is roughly 200 times less than that of N2, while the rate constant for the H2 

reaction with C(1D) is only 40 times larger than the quenching rate, meaning that C(1D) loss is 

dominated by quenching. However, if we assume a rate for the C(1D) + CH4 reaction similar to 

the C(1D) + H2 one, reactive loss is almost a factor of two larger than non-reactive loss in this 

case, indicating that the C(1D) + CH4 reaction might represent an important loss process for 

C(1D) in Titan’s atmosphere. In terms of its potential products, Leonori et al.16 performed an 
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experimental investigation of the branching channels for the C(1D) + CH4 reaction, using the 

crossed molecular beam method. They determined that the reaction proceeds by an addition-

elimination mechanism leading to the formation of H2CC/C2H2 + H2 and C2H3 + H as products 

with an equal importance for H-displacement and H2 elimination channels. Given its potential 

importance as highlighted above, there is clearly a need for more precise data on the kinetics of 

the C(1D) + CH4 reaction over a range of temperatures.  
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