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ABSTRACT
Context. This work is motivated by the necessity to take account of both the nuclear spin symmetries of H2 and the spin-orbit

interaction of N+ ions in order to investigate gas phase reactions in interstellar chemistry, leading to the formation of nitrogenous and
deuterated compounds.
Aims. The main objective in this work is to determine the rate coefficients for each possible initial quantum state of the reactants
N+ (3 Pj ) + H2 (J) (and their isotopic variants). Only in this way does it become possible both to analyse experimental data and to
develop realistic applications to interstellar chemical models to constrain the gas phase chemistry of ammonia and its isotopologues.
Methods. A statistical treatment is presented of state selective reactive collisions involving N+ ions in fine structure state j with H2
or HD molecules in a rotation level J of the ground vibration state, leading either to the production of NH+ ions and H in the case of
the H2 reactant, and to the production of either NH+ ions or ND+ in the case of the HD reactant. The energies of fine structure states
( j = 0, 1, 2) of the N+ ions are treated on an equal footing with the other energies of internal motions. All fine structure states are
considered to be reactive.
Results. Cross sections for state-to-state collisions are calculated for collision energies ranging from 0.1–30 meV. These cross sections are then averaged over the kinetic energies of the reactants for each (J, j) to obtain the rate coefficients for a range of kinetic
temperatures 10–200 K. The exo/endothermicity of the reactions involving N+ (3 Pj ) + H2 (J) (and isotopic variants) is derived from
the difference ∆Ee between the dissociation energies of the electronic molecular potentials of NH+ and H2 . The value ∆Ee = 101 meV
is found to satisfactorily reproduce the experiments performed with ortho-H2 and to a lesser extent with para-H2 . This value is used
to determine the rate coefficient of the N+ + HD reaction leading to the formation of ND+ . The calculated value is consistent with the
available experimental data.
Conclusions. The present results allow for the determination of reaction rate coefficients for any given distribution of specific fine
structure and rotational state populations of the reactants. In interstellar conditions, where N+ is in its 3 P0 state and para- and ortho-H2
respectively in J = 0 and J = 1. Our results enable a study of the influence of the ortho/para evolution of molecular hydrogen on the
formation of nitrogen compounds.
Key words. astrochemistry – molecular processes – molecular data – ISM: molecules

1. Introduction
Reactive collisions of N+ (3 P) ions with H2 , D2 , and HD
molecules have been the object of extensive experimental and
theoretical investigations in past years (Adams & Smith 1985;
Ervin & Armentrout 1987; Marquette et al. 1988; Gerlich 1989;
Nyman 1992; Tosi et al. 1994; Sunderlin & Armentrout
1994) and also in recent years (Zymak et al. 2013;
Grozdanov & McCarroll 2015). This is due in part to their
fundamental importance for the understanding of ion molecule
reaction dynamics and in part to their importance in initiating
the reaction chain for the formation of nitrogenous molecules
in astrochemistry. There is a general consensus that reactions
involving ground-state reactants leading to the production
of NH+ and ND+ ions are weakly endothermic, requiring a

minimal energy input ∆E of the order of a few meV for the
reaction to occur. However, since the energies of the excited fine
structure states of N+ and also of the excited rotation states of
H2 or HD, are of the same order as ∆E, a strong dependence
of the rate coefficients on the initial state of the reactants
can be expected. Unfortunately, while the kinetic energy of
the reactants is usually well-determined, in most experiments
the initial state distribution of the reactants is rarely known
with much precision and it is often assumed that the rotation
temperature of the reactant molecule is identical to the kinetic
temperature. However, the validity of this assumption depends
on the experimental conditions and a meaningful comparison
between theory and experiment is not always possible. For
this reason, the direct use of experimentally measured rate
coefficients in astrochemical models may be a major source
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of error in situations where the rotation state distribution of
reactants is likely to be non-thermal when conditions of local
thermodynamic equilibrium are not satisfied.
Recent work by Grozdanov & McCarroll (2015) has clarified some aspects of the problem. Using a statistical model, they
took full account of all the accessible fine structure states of the
N+ (3 Pj ) ion and all the accessible rotation states of the reactant
molecule. Cross sections were calculated for the N+ (3 Pj ) ion in a
given fine structure j state ( j = 0, 1, 2) with molecules in a given
rotation state J (in general for J = 0−5). These collision cross
sections were then averaged over the distribution of j, J states of
interest. In the experiments of Sunderlin & Armentrout (1994)
the fine structure states had a thermal distribution of 300 K,
whereas two different temperatures were considered (300 K and
105 K) for the reactant molecules. With these initial distributions, the cross sections for the production of NH+ and ND+ were
compared with experiment as a function of ion collision energy
from 10 meV up to a few eV. The most interesting part of the
work concerned the reaction of N+ with HD in the low energy
range from 10 to 100 meV. Both NH+ and ND+ are produced in
the reaction and the ratio of their rate coefficients depends critically on the relative values ∆E, corresponding to the NH+ and
ND+ products. In this way, it was possible to improve previous
estimates of the absolute values of ∆E to within a few meV of
the true value. Another important result concerns the importance
of fine structure states of N+ in the reaction. The energies of the
fine structure states ( j = 0, 1, 2) of the N+ ions are treated on
equal footing with other energies of internal rotation motions.
All fine structure states are considered to be reactive.
In this work, our main objective is to apply statistical methods to treat reactions at even lower energies, corresponding to
temperatures in the range of 10–200 K. In this temperature
range, reliable results can be obtained only if the value of ∆E
for the reaction is known precisely. The recent experimental results of Zymak et al. (2013) on reactions of N+ (3 P) with controlled mixtures of para-H2 and ortho-H2 and, together with the
older measurements of Marquette et al. (1988) of pure para-H2
and normal-H2 , offer a direct way of putting new limits on ∆E.
A direct comparison of theory with experiment requires
a knowledge of the initial state distribution of the reactants.
Zymak et al. (2013) give convincing reasons why the three fine
structure states of N+ (3 P), initially populated according to their
statistical weights, do indeed relax rapidly at low temperatures,
although no claim is made of a complete thermalization. On the
other hand, Marquette et al. (1988) make the claim that in their
experiments, the fine structure states of N+ (3 P) are completely
thermalized. Concerning the distribution of the rotation states
of the reactant molecule, Zymak et al. (2013) assert that in their
experiments a complete relaxation of the rotation states is guaranteed. However, Marquette et al. (1988) evoke the possibility
of an incomplete rotational relaxation of para-H2 , which might
account for an anomalously large rate constant at 27 K.
The reaction of N+ (3 Pj ) with HD has only been studied in
the low temperature range by Marquette et al. (1988), but unfortunately their results are only presented for a single temperature, namely 20 K. However, their measured value of 1.4 ×
10−10 cm3 s−1 is surprisingly large compared with a rate of
4 × 10−11 cm3 s−1 for the less endothermic reaction of N+ with
n-H2 at the same temperature. A possible explanation might be
an incomplete relaxation of the rotation states of HD, but such a
possibility was discounted by Marquette et al. (1988).
The objective in this paper is to apply our theoretical model
to calculate the rate coefficients for the production of NH+ and
ND+ molecular ions in reactive collision of N+ (3 P) in a given
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initial fine structure state with H2 and HD molecules in a specific rotation state. In this way, the total reaction rate can then
easily be obtained by averaging over the distribution of the initial states. It should be emphasized that the theoretical model
used in this work takes account of all possible reactive and nonreactive processes in the collision. In other words, all reactive
collisions leading to the formation of NH+ or ND+ are taken
into account, as are non-reactive processes involving excitation
and de-excitation of the fine structure and rotation states of the
reactants.

2. Statistical model and results for N+ + H2
collisions
2.1. Statistical model

The statistical model assumes collisions between N+ ions and
H2 molecules at low energies to react via the formation of the
(NH+2 )∗ intermediate complex, the decay of which can result in
the products
N+ (3 Pj ) + H2 (1 Σ, v, J) →
→
→

(NH2 + )∗
N+ (3 Pj0 ) + H2 (1 Σ, v0 , J0 )
+

NH (X Π, v1 , J1 ) + H( S),
2

2

(1)
(2)

where j = 0, 1, 2 are the fine structure quantum numbers of
the initial state of the N+ (3 Pj ) ion; (v, J) are the initial vibrational and rotational quantum numbers of H2 ; and j0 and (vk , Jk ),
k = 0, 1, are the corresponding quantum numbers in non-reactive
(k = 0) and reactive (k = 1) channels. For collision energies
Ec = (0.1−30) meV, and assuming an initial v = 0, in the present
work we have in all cases considered v0 = v1 = 0, i.e. no vibrational excitation. The molecules are assumed to be in their
ground electronic states, H2 (1 Σ) and NH+ (X 2 Π), with no finestructure effects taken into account. The neglect of fine structure
effects in the NH+ (X 2 Π) product molecule is certainly a simplification, but it should be satisfactory since we are only interested
in the sum over all final fine structure states of the products. If
information is required on the distribution of the fine structure
states of the reaction products, a more complete treatment, such
as the approach of Maergoiz et al. (2014), can be used.
The total energy is defined as
H2
E = Ec + EvJ
+ Ej = Ec0 + EvH02J0 + Ej0

(3)

+

= Ec1 + EvNH
+ ∆Ee ,
1 J1

(4)

where (E j0 ) are the fine structure electronic energies of the N+
ion (E0 = 0, E1 = 6.04 meV, and E2 = 16.22 meV), Ec (Eck ) and
EvHj2 (EvXY
) are respectively centre-of-mass translational collision
k jk
energies and internal rovibrational energies in the reactant (product, k = 0 for non-reactive and k = 1 for reactive) arrangements.
The term ∆Ee is the equilibrium ergicity (or vibrationless energy
change) of reaction Eq. (2),
+

+

H2
NH
NH
2
= ∆E0 + E00
− E00
,
∆Ee = DH
e − De

(5)

with
+

NH
2
∆E0 = DH
,
0 − D0

(6)

XY
where DXY
= DXY
e
0 + E 00 designates the equilibrium dissociation energy of the XY diatomic and DXY
0 is the potentially experimentally measurable (from the zero-point energy) dissociation
energy.
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+

is not known either experimentally
Unfortunately, DNH
0
or theoretically with sufficient precision, so that the ergicity ∆E0 has been used as a fitting parameter in previous works (see Ervin & Armentrout 1987; Gerlich 1989;
Sunderlin & Armentrout 1994, and references therein). Since in
the Born-Oppenheimer approximation (without isotope-massD2
HD
2
dependent adiabatic corrections) we have DH
e = De = De and
+
+
NH
ND
De = De , it follows from the first part of Eq. (5) and analogous relations for the HD targets that ∆Ee is the same in both
cases of reactants: H2 and HD. Once the ∆Ee is fixed, the ergicities ∆E0 (which are different in each of the cases) follow
from the second part of Eq. (5) and analogous relations for the
HD targets. In the previous study of Grozdanov & McCarroll
(2015), the ∆Ee value is constrained in the range between 101
and 106 meV. Table A.1 lists the different endoergicities for the
different fine structure and rotational levels involved in the reactions for the value ∆Ee = 101 meV, which corresponds to our
best choice. The zero-point energies are computed from the spectroscopic constants of H2 reported in Huber & Herzberg (1979),
whereas the ZPE values of NH+ and its isotopologues are obtained from the values reported in Colin (1989).
The initial-state specific cross sections for processes 1 and 2
are calculated using the standard expressions of the statistical
theory of reactive collisions (Light 1964; Miller 1970; Truhlar
1975; Park & Light 2007; Grozdanov & McCarroll 2012),
σkvJ j (Ec ) =

X
π~2
k
(2JT + 1)NvJ
j (E, JT , Π),
2µ0 Ec g J g j J Π

(7)

T

0
where the partial cumulative reaction probabilities NvJ
j (E, JT , Π)
1
and NvJ j (E, JT , Π) are given respectively by
0
NvJ
j (E, JT , Π) =
0
g j WvJ
j (E, JT , Π)

g j0 Wv00 ,J0 , j0 (E, JT , Π)
P0
P
0
1
v0 ,J0 , j0 g j0 Wv0 ,J0 , j0 (E, JT , Π) + v1 ,J1 g1 Wv1 ,J1 (E, JT , Π)
P0

v0 ,J0 , j0

(8)

and
1
NvJ
j (E, JT , Π) =
0
g j WvJ
j (E, JT , Π)

g1 Wv11 ,J1 (E, JT , Π)
, (9)
P
0
1
v0 ,J0 , j0 g j0 Wv0 ,J0 , j0 (E, JT , Π) + v1 ,J1 g1 Wv1 ,J1 (E, JT , Π)
P

v1 ,J1

P0

and µ0 is the reduced mass in the reactant arrangement, JT is
the total motional angular momentum and Π = ±1 is the total
parity. The reactant and product arrangements are specified by
the index k; k = 0 corresponds to the reactant channel, k = 1
corresponds to the product arrangements. The summations in
the numerator and denominator are performed over all energetically accessible states and “primes” indicate that the sums
over J0 are restricted to the values of the same parity as J. The
electronic degeneracy factors (spin and orbital) are taken to be
g j0 = 2 j0 + 1, g1 = 8, as the NH+ ground state is 2 Π. In the past,
some account was taken by Gerlich (1989) and Zymak et al.
(2013) of the factors in the reactant arrangement g j0 < 2 j0 + 1
in order to simulate the non-reactivity of some of the asymptotically degenerate electronic surfaces. We have found, however, that only by assuming all surfaces to be reactive can reasonable agreement with experimental absolute cross sections be

achieved. The cumulative complex-formation probabilities are
given by
Wvkk Jk ( j0 ) (E, JT , Π) =

JX
T +Jk
lk =|JT −Jk |

pkvk Jk ( j0 )lk (E, JT , Π),

(10)

where lk is the relative orbital angular momentum quantum number of the reactants (k = 0) or products (k = 1). The index j0
should be included only in the k = 0 case. The complex formation (or capture) probabilities pkvk Jk ( j0 )lk (E, JT , Π) can be calculated using various methods of different degrees of sophistication
(for example, by solving the single-arrangement-channel scattering calculations of Rackham et al. (2001)) or running bunches
of classical trajectories on the limited parts of the full potential energy surface (Aoiz et al. 2007). Here we use the simplest
Langevin-type model, assuming that the complex formation, in
both reactant and product arrangements, is determined by the
asymptotic, spherically symmetric, ion-neutral polarization interaction. In that case

k


 δΠ,(−1)Jk +lk lk ≤ lkm (Ec )
k
(11)
pvk Jk ( j0 )lk (E, JT , Π) = 

 0
l > l (E k ),
k

km

c

where lkm (Eck ) is defined as the maximum integer lk that satisfies
(CGS units)





 ~2 lk (lk + 1) e2 αk 

k
Ec > maxRk 
−
,
(12)

4 
 2µk R2

2Rk 
k
where Rk is the distance between the atom and the centre of mass
of the diatom in arrangement k. The polarizabilities are α0 =
8.02 × 10−25 cm3 (5.414 atomic units, a.u.) for the H2 diatom
and α1 = 6.67 × 10−25 cm3 (4.5 a.u.) for the H atom.
When the centre-of-mass energy Ec has a thermal distribution characterized by a kinetic temperature T , the rate constant may be obtained simply by integrating the collision rate
over a Maxwellian distribution. The comparison with experiment is made separately for para-H2 and ortho-H2 assuming
a Boltzmann distribution of the fine structure states. Only the
J = 0 state of p-H2 and the J = 1 state of o-H2 are significantly populated. The para/ortho ratio is 1/3. However, in an astrochemical context, neither the fine structure states of N+ (3 P)
nor the rotation states of the reactant H2 molecule are likely
to be in local thermodynamic equilibrium, which means that
the rate constants for a specific initial state of the reactants are
required.
2.2. Results
2.2.1.

14

N+ + H2

In our calculations, the only parameter subject to some uncertainty is the dissociation energy of NH+ , to which the values
of ∆E for all the reactive processes of N+ with H2 or HD are
related. The estimation of the value of ∆E given to within a
few meV by Sunderlin & Armentrout (1994) is indeed adequate
to explain the experimental rate coefficients at temperatures in
excess of ∆E/k; however, at lower temperatures an accuracy of
0.1 meV is required to give a satisfactory result. Unfortunately,
comparison with experiment is difficult since the initial distribution of the fine structure states of N+ under the experimental
conditions may not be thermal. However, the measured experimental results of the rate constants for the reaction of N+ with
A105, page 3 of 11
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Table 1. Rate coefficients for the 15 N+ (3 P j ) + H2 -ortho (J = 1) reaction for specific j fine structure states and thermalized populations as a
function of temperature T .

Fig. 1. Comparison between present theoretical calculations of the
thermal rate coefficient of the N+ + o-H2 reaction. The filled circles and squares refer respectively to the Marquette et al. (1988) and
Zymak et al. (2013) experimental results.

n-H2 can give an indication of whether the fine structure states
are thermalized or not. For temperatures lower than 100 K this
reaction is dominated by the ortho-H2 fraction of H2 . We list
in Table A.2 the state-to-state reaction rate constants for the individual fine structure states of N+ in reaction with H2 , J = 1
computed for the value of ∆Ee = 101 meV, and the corresponding thermalized average together with the experimental results
of Marquette et al. (1988) and Zymak et al. (2013) for which the
authors claim that thermalization has occurred1 . The present theoretical values given represent a compromise amongst different
choices of ∆Ee , between 101 and 106 meV. We chose to fit the
results of Marquette et al. (1988) where the significant density of
the buffer gas allows thermalization of the fine structure levels of
the nitrogen ion (see Dupeyrat et al. 1985). We also focused our
efforts on the low temperature regime, which is the most relevant
for interstellar conditions.
The theoretical thermal average results are also displayed in
Fig. 1 as a function of 100 K/T , together with the experimental results of Marquette et al. (1988) and Zymak et al. (2013).
While the experiments of Marquette et al. (1988) are in reasonable agreement with the more recent results of experiments of
Zymak et al. (2013) for temperatures greater than 50 K, there
is a significant divergence between the experiments for temperatures less than 20 K. In this range of temperatures, only the
j = 0 state is appreciably populated under thermal conditions
(91.9% at 20 K). We should point out that the values corresponding to Zymak et al. (2013) experiment, are obtained from the fit
given in Eq. (3) of that paper computed with an ortho fraction
f = 1 for ortho-H2 . As these experiments have been conducted
down to 20 K only, the value recorded at 8 K (corresponding
1

The experimental values reported for Marquette et al. (1988) experiments have been derived by assuming that k(ortho-H2 ) = 4/3 [k(nH2 ) − 1/4k(p-H2 )].
A105, page 4 of 11

T
(K)

j=0

j=1

j=2

Thermal average

8
12
20
28
30
40
48
50
60
68
80
100

5.02 × 10−12
2.54 × 10−12
8.79 × 10−11
1.46 × 10−10
1.59 × 10−10
2.12 × 10−10
2.46 × 10−10
2.53 × 10−10
2.85 × 10−10
3.07 × 10−10
3.34 × 10−10
3.69 × 10−10

3.19 × 10−10
2.88 × 10−10
2.54 × 10−10
2.39 × 10−10
2.36 × 10−10
2.27 × 10−10
2.22 × 10−10
2.21 × 10−10
2.18 × 10−10
2.15 × 10−10
2.13 × 10−10
2.11 × 10−10

2.68 × 10−10
2.57 × 10−10
2.39 × 10−10
2.2 × 10−10
2.22 × 10−10
2.10 × 10−10
2.04 × 10−10
2.02 × 10−10
1.96 × 10−10
1.92 × 10−10
1.87 × 10−10
1.81 × 10−10

5.16 × 10−12
2.76 × 10−11
1.01 × 10−10
1.76 × 10−10
1.76 × 10−10
2.17 × 10−10
2.34 × 10−10
2.37 × 10−10
2.47 × 10−10
2.51 × 10−10
2.53 × 10−10
2.53 × 10−10

to 100 K/T = 12.5), in order to perform the comparison with
Marquette et al. (1988) experiment, is obtained from the extrapolation as shown in their Fig. 4 and thus, quoted in italics in our
Table A.2. Our calculations seem to indicate that the divergence
between the different experiments is more likely to arise from an
incomplete thermalization of the fine structure states of N+ in the
experiments of Zymak et al. (2013) at low temperature, where
the 3 P0 level of N+ is the most populated. The present results
are indeed compatible with the results of Zymak et al. (2013) in
the case of a small population of N+ in the excited fine structure
states j = 1, 2.
All the results presented subsequently are performed with
the value ∆Ee = 101 meV. Individual state-to-state and thermalized rate coefficients of the reaction involving para-H2 , J = 0
are displayed in Table A.3 together with the experimental results
of Marquette et al. (1988) and Zymak et al. (2013). The listed
values of Zymak et al. (2013) are derived from their formula (3)
with the fraction of ortho-H2 , f = 0. The comparison between
computed and measured thermal rate coefficients is moderately
satisfactory at low temperatures. It should be stressed out that a
pure sample of para-H2, J = 0, is very difficult to achieve.

2.2.2.

15

N+ + H2

The substituted 15 NH3 is detected in several sources. For that
reason, it is of some interest to also compute the corresponding
reaction rate coefficients within the same approximations. In that
case, no experimental data is available. The results for the reaction with H2 -ortho (J = 1) molecules are shown in Table 1. We
compare the results of the j = 0 fine structure level of 15 N+ with
those relevant for 14 N+ in Fig. 2. The reaction rate coefficients
with 15 N+ are slightly larger than those for the main isotope,
which is due to the reduced values of ∆E, as shown in Table A.1.
We also report on Table A.4 the reaction rate coefficients when
para H2 react with 15 N+ . As the second rotational state of H2 is
only at 510 K above J = 0, we consider the possible effect of
J = 2 of H2 as shown in the 6th column of Table A.4. A factor
of about 2 is obtained for T = 160 K.
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given respectively by:
0
NvJ
j (E, JT , Π) =
0
g j WvJ
j (E, JT , Π)

g j0 Wv00 ,J0 , j0 (E, JT , Π)
P
P
0
k
v0 ,J0 , j0 g j0 Wv0 ,J0 , j0 (E, JT , Π) + k=1,2 vk ,Jk gk Wvk ,Jk (E, JT , Π)
P

v0 ,J0 , j0

P

(21)
and
k
NvJ
j (E, JT , Π) =
0
g j WvJ
j (E, JT , Π)

P

v0 ,J0 , j0

P

k=1,2

g j0 Wv00 ,J0 , j0 (E, JT , Π) +

P

gk Wvkk ,Jk (E, JT , Π)
P
k
k=1,2 vk ,Jk gk Wvk ,Jk (E, JT , Π)

vk ,Jk

P

(22)
for k = 1, 2, with no restrictions on parity in summations over J0
and g1 = g2 = 8. All other formulas Eqs. (10)–12 are applicable
and we used polarizabilities: α0 = 8.02 × 10−25 cm3 (5.414 a.u.)
corresponding to HD and α1 = α2 = 6.67 × 10−25 cm3 (4.5 a.u.)
corresponding to H and D.
3.2. Results

(17)

The value of ∆E (54.12 meV) of the reaction for the formation
of NH+ is so large that the rate coefficient is negligible over the
range of temperature considered here. So only the reaction rate
for the formation of ND+ needs to be calculated and we give
the corresponding values in Table A.5 together with the sole experimental measurement of Marquette et al. (1988) at 20 K and
the measured rate coefficient with o-H2 at this same temperature. This makes a meaningful comparison with the theoretical
calculations a little difficult. The measured value of the rate coefficient at 20 K is greater by a factor of about 3 than the rate
coefficient of the N+ reaction with ortho-H2 . However, given that
the reaction for ND+ formation is more endothermic by a fraction of meV than the N+ – ortho-H2 reaction for the formation
of NH+ (see Table A.1), it is expected that the rate constant for
the N+ + HD reaction should be smaller than the N+ – orthoH2 rate constant, or at least about the same value2 . Our calculated rate constant at 20 K fulfils this requirement. Our values
are also compatible with the measurements of Adams & Smith
(1985) at higher temperatures. The origin of the discrepancy between calculated and measured values at 20 K is not obvious.
It could be due to non-thermalization of the HD gas sample. A
re-evaluation of that measurement at low temperatures is highly
desirable. Figure 3 shows the present results obtained for the two
isotopologues together with the fit advocated by Marquette et al.
(1988). We note the significant decrease of the present results
compared to the previous assumption. The 15 N+ + HD reaction is
slightly favoured compared to 14 N+ as the value of ∆E is smaller
for the heavier isotope. We also give the results for the 15 N+ +
HD reaction in Table A.6.

(18)

4. Astrophysical relevance

(19)

In the low density regions present in the interstellar medium, nitrogen ions are almost exclusively present in their fine structure
ground state, whereas the population of molecular hydrogen is
distributed amongst the lowest J = 0 and J = 1 levels of para and
ortho forms. The actual repartition depends on various parameters such as the temperature, the formation mechanism, and the
history of the cloud, as discussed by Pagani et al. (2011, 2012).

Fig. 2. Comparison between present rate coefficients for the reactions
of 14 N+ and 15 N+ with o-H2 . The j = 0 rate coefficient is displayed as a
full line whereas dotted lines correspond to thermalized value.

3. Statistical model and results for N+ + HD
collisions
3.1. Statistical model

The reaction with the HD isotope:
N+ (3 Pj ) + HD (1 Σ, v, J) →

(NHD+ )∗

→

N+ (3 Pj0 ) + HD (1 Σ, v0 , J0 )

(13)

→

D (2 S) + NH+ (X 2 Π, v1 , J1 )

(14)

→

H ( S) + ND (X Π, v2 , J2 )

+

2

2

(15)

is different from the previous case in that there are three possible arrangements labeled with k = 0, 1 and 2 and there are no
indistinguishable nuclei.
The total energy is defined as:
HD
+ E j = Ec0 + EvHD
+ E j0
E = Ec + EvJ
0 J0

(16)

+

+ ∆Ee
= Ec1 + EvNH
1 J1
+

+ ∆Ee .
= Ec2 + EvND
2 J2
The relations analogous to Eq. (5) hold:
+

+

NH
HD
NH
∆Ee = DHD
= ∆E01 + E00
− E00
,
e − De
+

+

ND
HD
ND
∆Ee = DHD
= ∆E02 + E00
− E00
.
e − De

(20)

The expressions for cumulative reaction probabilities
0
k
NvJ
j (E, JT , Π) and NvJ j (E, JT , Π) to be used in Eq. (7) are

2

Marquette reported to us that the experimental value involving HD
results from a single measure.
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Fig. 3. Temperature dependence of the rate coefficients for the reactions
of 14 N+ ( j = 0) and 15 N+ ( j = 0) with HD.

4.1. N+ + H2

The ortho/para ratio of hydrogen has a significant impact not
only on deuterium chemistry, as was recognized early on by
Pagani et al. (1992), but also on the gas phase nitrogen chemistry, as was first pointed out by Le Bourlot (1991) who recognized that the formation of nitrogenous molecules initiated by
the formation of NH+ in the reaction of N+ with H2 was dependent on the ortho/para ratio of H2 . More recently Dislaire et al.
(2012), using the experimental results of Marquette et al. (1988),
made a more detailed investigation of the dependence of the rate
coefficient as a function of the ortho/para ratio of H2 . However, they concluded that the extraction of the detailed reaction rates required for the astrophysical models from the experimental measurement is difficult. It is clear from our results
that the reaction rate is highly dependent both on the initial fine
structure state of N+ and on the rotation state of the hydrogen
molecule. So an incomplete relaxation of the reactants in the experiments can lead to a false conclusion. In Fig. 4 we show the
reaction rate coefficients of N+ with o- and p-H2 , as suggested
by Dislaire et al. (2012) and our computed values obtained for
the ground fine structure level of N+ , j = 0. For completeness,
we also show the experimental results of Marquette et al. (1988)
and Zymak et al. (2013) because they are quoted in our Tables 2
and 3. We see that the analytic expression of Dislaire et al.
(2012) is a very good representation of our computed points
for j = 0, J = 1 for ortho-H2 . However, our results are significantly different for para-hydrogen. Such a discrepancy is not
critical for the low temperature conditions present in cold interstellar clouds as both values are negligible compared to other
chemical reactions. We then suggest that the 15 N+ + H2 reaction rate coefficient, which initiates the 15 NH3 chemistry, is also
well described by our computations. The analytic expression
5.35 × 10−10 × exp(−37.0/T ) cm3 s−1 is found to be an excellent
representation of the rate coefficient of the 15 N+ + H2 (J = 1)
reaction. The corresponding values are also very close to those
A105, page 6 of 11

Fig. 4. Comparison between computed rate coefficients for the reactions
of 14 N+ ( j = 0) with para- and ortho-H2 (blue and red solid lines, respectively) with the analytic forms suggested by Dislaire et al. (2012)
(dotted lines). The experimental values of Marquette et al. (1988) are
indicated as full circles, whereas the results of Zymak et al. (2013) are
full squares.

derived in Roueff et al. (2015) from the analysis of the values of
∆E involved in various reactions. Such a representation, based
on statistical calculations of state-to-state reactions, explains the
nitrogen fractionation observed in ammonia (Roueff et al. 2015;
Daniel et al. 2014).
4.2. N+ + HD

We now discuss the N+ + HD reaction for which our results significantly differ from those of Marquette et al. (1988) which are
included in all astrochemical models. The expression fitting the
present results obtained for ground-state N+ reacting with HD
(J = 0) is 4.77 × 10−10 × exp(−50.1/T ) cm3 s−1 . This expression should be compared to that suggested by Marquette et al.
(1988), 3.17 × 10−10 × exp(−16.3/T ) cm3 s−1 , which involves a
slightly smaller exponential decrease. Figure 3 shows the corresponding temperature dependences. We note that our computations lead to a reaction rate coefficient which is smaller than
the currently used value by more than one order of magnitude at
10 K. The differences decrease with increasing temperature (or
decreasing 100/T). We investigated the importance of this difference in the dark cloud models, defined in Table 4 of Roueff et al.
(2015) for TMC1 and L183. We list in Table A.7 the steadystate results for several nitrogen compounds corresponding to
these models where a fixed ortho/para molecular hydrogen ratio
of 10−3 is assumed.
We note in Table A.7 that the deuterium fractionation ratio
of NH2 and NH3 , as well as their 15 N substituted counterparts,
are significantly affected by the new estimate of the N+ + HD
reaction rate coefficient by a factor of 2–3. The other nitrogen
deuterated species, DCN and DNC, are slightly decreased with
the new reaction rate coefficient as they mainly result from the

T. P. Grozdanov et al.: N+ (3 P) reaction with H2 and HD

dissociative recombination of HCND+ , DCNH+ , and HDNC+ ,
which are formed principally via the C+ + NH2 D reaction. Both
N2 H+ and N2 D+ , which are formed via the N2 + H+3 (H2 D+ respectively) reactions, remain identical, as do NH and ND, which
result from the dissociative recombination of N2 H+ and N2 D+
(Le Gal et al. 2014; Roueff et al. 2015).

5. Conclusions
The main conclusion of this work concerns the strong dependence of the rate coefficients for reactions of N+ (3 Pj ) ions with
H2 (J) and HD(J) both on the initial fine structure state j of the
N+ ion and on the initial rotation state J of the reactant molecule.
A detailed comparison with experiment is not possible unless either the initial distributions of both the fine structure and rotation
states J are thermal or are known with precision. Fortunately,
for reactions of N+ with n-H2 only the o-H2 fraction is strongly
reactive for temperatures lower than 100 K, and it is only for
temperatures exceeding 150 K that the contribution from p-H2
becomes significant. So if the fine structure states of N+ can be
assumed to be thermally populated, a comparison with experiment becomes possible. This is the case in the experiments of
Marquette et al. (1988) and our calculations are indeed in good
agreement with the measured values of the rate coefficients for
n-H2 when the value ∆Ee = 101 meV is used for the statistical
calculations.
On the other hand, when there is an incomplete relaxation of
excited rotation states, as would appear to be the case both for
para-H2 and for HD, a meaningful comparison of theory with
existing experiments yields little information. The large values
of the reaction rates reported for the reaction with o-H2 at low
temperatures by Zymak et al. (2013) together with the significant discrepancy with the Marquette et al. (1988) results could
be explained if some slightly non-thermal population of excited
fine structure level of N+ is present in these experiments, as suggested by the authors.
The choice of ∆Ee unequivocally establishes that the reactions involving isotopic compounds are endothermic. Then we
find that the reaction with HD is more endothermic than suggested in Marquette et al. (1988). The corresponding reaction
rate coefficient is somewhat smaller at low temperatures than
previously admitted. However, it should be emphasized that the
previous value contradicted the results obtained with o-H2 because the reaction with HD (J = 0) is more endothermic than
the reaction with ortho-H2 (see Table A.1). Another possibility
could be the presence of a small barrier on the entrance or exit
channel potential energy surface.
The theoretical treatment adopted in this work is limited by
the validity of statistical theory and by the assumption that the
resonances can be defined by the long-range interactions. So it
would be interesting indeed to have available more accurate potential surfaces of the initial reactant channel and the final reaction product channels which would allow for a more precise
characterization of the resonances which lead to reactions. However, taking a detailed account of all possible reactive and nonreactive pathways, involving all accessible fine structure and rotation states, would be a formidable task.

As far as astrophysical applications are concerned, the relevant reaction rate coefficients are those computed for groundstate N+ interacting with ground-state para- (J = 0) and ortho(J = 1) H2 or ground-state (J = 0) HD. The results are very close
to the values derived by Dislaire et al. (2012) for the reactions
with molecular ortho-hydrogen, which reflects our requirement
to harmonize our computations with the Marquette et al. (1988)
results. The increased value of ∆E derived for the N+ + HD →
ND+ + H reaction leads to a smaller deuteration enhancement
of NH2 and NH3 by a factor of 2–3 at 10 K. Neither ND nor
N2 D+ is affected because the corresponding formation channels
are different. We summarize in Table A.8 our recommendations
for the fitting expressions to be used in astrochemical models,
which correspond to our calculations involving the ground state
of N+ interacting with the ground rotational state of H2 and HD
when the value ∆Ee = 101 meV is chosen for the difference
between the electronic dissociation energies of NH+ and H2 .
Additional experiments with HD are highly desirable as the
interpretation of the single-point result of Marquette et al. (1988)
is subject to some uncertainty.
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Appendix A: Additional tables
Table A.1. Values of ∆E for the different reactions computed with the assumption that ∆Ee = 101 meV.

Reaction
+ 3

N ( P0 ) + H2 (J = 0)
N+ (3 P0 ) + H2 (J = 1)
N+ (3 P1 ) + H2 (J = 0)
N+ (3 P1 ) + H2 (J = 1)
N+ (3 P2 ) + H2 (J = 0)
N+ (3 P2 ) + H2 (J = 1)
N+ (3 P0 ) + HD (J = 0)
N+ (3 P0 ) + HD (J = 0)
N+ (3 P1 ) + HD (J = 0)
N+ (3 P1 ) + HD (J = 0)
15 + 3
N ( P0 ) + H2 (J = 0)
15 + 3
N ( P0 ) + H2 (J = 1)
15 + 3
N ( P0 ) + HD (J = 0)

→
→
→
→
→
→
→
→
→
→
→
→
→

+

NH + H
NH+ + H
NH+ + H
NH+ + H
NH+ + H
NH+ + H
ND+ + H
NH+ + D
ND+ + H
NH+ + D
NH+ + H
NH+ + H
15
ND+ + H

∆E (meV)

∆E (K)

18.53
3.84
12.49
−2.20
2.31
−12.38
4.21
54.06
−1.83
48.02
18.2
3.51
3.74

215.0
44.6
144.9
26.8
48.9
627.3
557.2
211.2
40.7
43.4

Notes. A minus sign corresponds to an exothermic reaction. The ZPE of H2 and HD are respectively 2170.2 and 1883.6 cm−1 , i.e. 269.07 and
233.54 meV, whereas those of NH+ (15 NH+ ) and ND+ (15 ND+ ) are respectively 1505 (1502.4) and 1103 (1099.2) cm−1 , corresponding to 186.60
(186.27) and 136.75 meV. The J = 1 level of H2 has an energy of 14.69 meV.
Table A.2. Rate coefficients for the N+ (3 P j ) + H2 -ortho (J = 1) reaction for specific j fine structure states and thermalized populations as a
function of temperature T .

T
(K)

j=0

8
10
12
20
27
30
40
45
50
60
68
70
80
90
100
163

2.79 × 10−12
8.10 × 10−12
1.63 × 10−11
8.79 × 10−11
1.06 × 10−10
1.24 × 10−10
1.72 × 10−10
1.92 × 10−10
2.11 × 10−10
2.42 × 10−10
2.64 × 10−10
2.69 × 10−10
2.91 × 10−10
3.10 × 10−10
3.26 × 10−10
3.83 × 10−10

j=1

j=2

Thermal average
(1)

3.05 × 10−10
2.86 × 10−10
2.71 × 10−10
2.54 × 10−10
2.21 × 10−10
2.17 × 10−10
2.08 × 10−10
2.05 × 10−10
2.03 × 10−10
2.00 × 10−10
1.98 × 10−10
1.97 × 10−10
1.96 × 10−10
1.95 × 10−10
1.94 × 10−10
1.89 × 10−10

2.60 × 10−10
2.54 × 10−10
2.48 × 10−10
2.39 × 10−10
2.14 × 10−10
2.11 × 10−10
1.99 × 10−10
1.94 × 10−10
1.91 × 10−10
1.85 × 10−10
1.81 × 10−10
1.80 × 10−10
1.76 × 10−10
1.73 × 10−10
1.70 × 10−10
1.57 × 10−10

2.92 × 10−12
8.81 × 10−12
1.84 × 10−11
1.01 × 10−10
1.28 × 10−10
1.45 × 10−10
1.85 × 10−10
1.97 × 10−10
2.06 × 10−10
2.18 × 10−10
2.23 × 10−10
2.24 × 10−10
2.27 × 10−10
2.29 × 10−10
2.29 × 10−10
2.20 × 10−10

Experiments
(2)

3.1 × 10−12

2.00 × 10−11

−11

5.3 × 10
1.3 × 10−10

4.2 × 10−11
8.4 × 10−11
1.3 × 10−10

2.1 × 10−10

2.6 × 10−10

2.7 × 10−10

3.6 × 10−10

3.7 × 10−10

4.4 × 10−10

Notes. Experimental results are assumed to correspond to thermalized fine structure populations (see text). All values of the rate coefficients are
given in cm3 s−1 .
References. (1) Marquette et al. (1988); (2) Zymak et al. (2013).
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Table A.3. Rate coefficients for the N+ (3 P j ) + para -H2 reaction for specific j fine structure states and thermalized populations as a function of
temperature T .

N+
H2
T (K)

j=0
J=0

j=1
J=0

j=2
J=0

Thermal average
J=0

Thermal average
Thermal average

8
12
20
28
32
40
45
60
68
80
100
160

6.22 × 10−22
5.74 × 10−18
8.49 × 10−15
1.91 × 10−13
4.99 × 10−13
1.87 × 10−12
3.20 × 10−12
9.93 × 10−12
1.42 × 10−11
2.07 × 10−11
3.02 × 10−11
4.41 × 10−11

1.35 × 10−18
6.69 × 10−16
9.57 × 10−14
8.08 × 10−13
1.58 × 10−12
4.00 × 10−12
5.7 × 10−12
1.33 × 10−11
1.73 × 10−11
2.28 × 10−11
2.98 × 10−11
3.77 × 10−11

2.32 × 10−12
7.95 × 10−12
2.16 × 10−11
3.35 × 10−11
3.87 × 10−11
4.76 × 10−11
5.2 × 10−11
6.33 × 10−11
6.75 × 10−11
7.18 × 10−11
7.53 × 10−11
7.13 × 10−11

1.87 × 10−21
1.70 × 10−17
2.34 × 10−14
4.68 × 10−13
1.15 × 10−12
3.88 × 10−12
6.5 × 10−12
1.67 × 10−11
2.26 × 10−11
3.06 × 10−11
4.06 × 10−11
5.07 × 10−11

1.87 × 10−21
1.70 × 10−17
2.34 × 10−14
4.68 × 10−13
1.15 × 10−12
3.90 × 10−12
8.42 × 10−12
1.75 × 10−11
2.46 × 10−11
3.62 × 10−11
5.78 × 10−11
1.20 × 10−10

Experiments
(1)

(2)

<1 × 10−12
2.7 × 10−11

3.92 × 10−22
5.70 × 10−18
1.23 × 10−14
2.5 × 10−13

2.0 × 10−11

1.0 × 10−11

6.6 × 10−11

3.85 × 10−11

3.0 × 10−10

2.1 × 10−10

Notes. Experimental results are assumed to correspond to thermalized fine structure populations (see text). All values of the rate coefficients are
given in cm3 s−1 .
References. (1) Marquette et al. (1988), (2) Zymak et al. (2013).
Table A.4. Rate coefficients for the 15 N+ (3 P j ) + para-H2 reaction for specific j fine structure states and thermalized populations as a function of
temperature T .

N+
H2
T (K)

j=0
J=0

j=1
J=0

j=2
J=0

Thermal average
J=0

Thermal average
Thermal average

8
12
20
28
32
40
48
60
68
80
100
160

1.27 × 10−21
9.14 × 10−18
1.11 × 10−14
2.31 × 10−13
5.92 × 10−13
2.16 × 10−12
4.99 × 10−12
1.11 × 10−11
1.58 × 10−11
2.29 × 10−11
3.31 × 10−11
4.77 × 10−11

2.77 × 10−18
1.06 × 10−15
1.25 × 10−13
9.76 × 10−13
1.86 × 10−12
4.56 × 10−12
8.24 × 10−12
1.46 × 10−11
1.88 × 10−11
2.45 × 10−11
3.19 × 10−11
3.98 × 10−11

4.10 × 10−12
1.18 × 10−11
2.74 × 10−11
3.98 × 10−11
4.49 × 10−11
5.36 × 10−11
6.05 × 10−11
6.84 × 10−11
7.23 × 10−11
7.63 × 10−11
7.92 × 10−11
7.39 × 10−11

3.65 × 10−21
2.65 × 10−17
3.04 × 10−14
5.63 × 10−13
1.35 × 10−12
4.42 × 10−12
9.29 × 10−12
1.84 × 10−11
2.45 × 10−11
3.29 × 10−11
4.33 × 10−11
5.33 × 10−11

3.65 × 10−21
2.65 × 10−17
3.04 × 10−14
5.63 × 10−13
1.35 × 10−12
4.44 × 10−12
9.39 × 10−12
1.92 × 10−11
2.66 × 10−11
3.85 × 10−11
6.04 × 10−11
1.25 × 10−10

15
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Table A.5. Rate coefficients (in cm3 s−1 ) for the N+ (3 P j ) + HD(J) reaction for specific j fine structure and J = 0 rotational states, as well as
thermalized populations as a function of temperature T .

N+
HD
T (K)

j=0
J=0

j=1
J=0

j=2
J=0

Thermal average
J=0

Thermal average
Thermal average

8
10
12
20
28
30
40
48
50
60
68
80
100
200

8.71 × 10−13
3.13 × 10−12
7.37 × 10−12
4.05 × 10−11
8.35 × 10−11
9.41 × 10−11
1.42 × 10−10
1.73 × 10−10
1.80 × 10−10
2.09 × 10−10
2.27 × 10−10
2.48 × 10−10
2.67 × 10−10
2.55 × 10−10

3.31 × 10−10
3.17 × 10−10
3.04 × 10−10
2.67 × 10−10
2.44 × 10−10
2.40 × 10−10
2.22 × 10−10
2.11 × 10−10
2.09 × 10−10
1.99 × 10−10
1.93 × 10−10
1.84 × 10−10
1.72 × 10−10
1.26 × 10−10

2.66 × 10−10
2.58 × 10−10
2.50 × 10−10
2.20 × 10−10
1.99 × 10−10
1.94 × 10−10
1.77 × 10−10
1.67 × 10−10
1.65 × 10−10
1.55 × 10−10
1.49 × 10−10
1.41 × 10−10
1.29 × 10−10
9.11 × 10−11

1.02 × 10−12
3.94 × 10−12
9.82 × 10−12
5.89 × 10−11
1.15 × 10−10
1.27 × 10−10
1.69 × 10−10
1.87 × 10−10
1.90 × 10−10
1.99 × 10−10
2.01 × 10−10
2.00 × 10−10
1.92 × 10−10
1.38 × 10−10

1.02 × 10−12
3.95 × 10−12
9.88 × 10−12
6.26 × 10−11
1.33 × 10−10
1.50 × 10−10
2.15 × 10−10
2.46 × 10−10
2.51 × 10−10
2.67 × 10−10
2.70 × 10−10
2.68 × 10−10
2.55 × 10−10
1.73 × 10−10

Experiments
HD
o-H2
Ref (1)
Ref (1)

1.4 × 10−10

5.3 × 10−11

References. (1) Marquette et al. (1988).
Table A.6. Rate coefficients (in cm3 s−1 ) for the 15 N+ (3 P j ) + HD(J) reaction for specific j fine structure and J = 0 rotational states, as well as
thermalized populations as a function of temperature T .

N+
HD
T (K)

j=0
J=0

j=1
J=0

j=2
J=0

Thermal average
J=0

Thermal average
Thermal average

8
10
12
20
28
30
40
48
50
60
68
80
100
200

1.28 × 10−12
4.35 × 10−12
9.81 × 10−12
4.93 × 10−11
9.72 × 10−11
1.09 × 10−10
1.59 × 10−10
1.90 × 10−10
1.97 × 10−10
2.09 ×10−10
2.43 × 10−10
2.63 × 10−10
2.81 × 10−10
2.62 × 10−10

3.34 × 10−10
3.21 × 10−10
3.09 × 10−10
2.73 × 10−10
2.50 × 10−10
2.45 × 10−10
2.27 × 10−10
2.16 × 10−10
2.14 × 10−10
1.99 × 10−10
1.96 × 10−10
1.87 × 10−10
1.75 × 10−10
1.27 × 10−10

2.64 × 10−10
2.57 × 10−10
2.49 × 10−10
2.20 × 10−10
1.99 × 10−10
1.95 × 10−10
1.78 × 10−10
1.67 × 10−10
1.65 × 10−10
1.55 × 10−10
1.49 × 10−10
1.41 × 10−10
1.30 × 10−10
9.10 × 10−11

1.42 × 10−12
5.16 × 10−12
1.23 × 10−11
6.74 × 10−11
1.27 × 10−10
1.39 × 10−10
1.82 × 10−10
1.99 × 10−10
2.02 × 10−10
1.99 × 10−10
2.10 × 10−10
2.07 × 10−10
1.97 × 10−10
1.40 × 10−10

1.42 × 10−12
5.16 × 10−12
1.23 × 10−11
7.12 × 10−11
1.45 × 10−10
1.62 × 10−10
2.27 × 10−10
2.56 × 10−10
2.61 × 10−10
2.67 × 10−10
2.77 × 10−10
2.73 × 10−10
2.58 × 10−10
1.73 × 10−10

15
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Table A.7. Steady-state model results for nitrogen compounds and their deuterated counterparts.

TMC1
nH (cm−3 )
T (K)
Molecule

L134N

2 × 104
10
Old

N
N2
NH
ND
NH/ND
15
NH
15
ND
15
NH/15 ND
NH2
NHD
NH2 /NHD
15
NH2
15
NHD
15
NH2 /15 NHD
NH3
NH2 D
NH3 /NH2 D
15
NH3
15
NH2 D
15
NH3 /15 NH2 D
HCN
DCN
HCN/DCN
HNC
DNC
HNC/DNC
N2 H+
N2 D+
N2 H+ /N2 D+

2 × 105
10
Old
Present

Present
−5

4.2 × 10
4.3 × 10−5
3.0 × 10−9
9.8 × 10−11
30.6
7.0 × 10−12
1.6 × 10−13
43.7
3.3 × 10−10
1.7 × 10−11
19
8.6 × 10−13
5.6 × 10−14
15.3
1.3 × 10−9
5.8 × 10−11
22.4
3.3 × 10−12
2.1 × 10−13
15.7
5.9 × 10−10
6.2 × 10−12
95.2
7.44 × 10−10
1.1 × 10−11
67.6
1.3 × 10−10
4.5 × 10−12
28.9

4.3 × 10−5
4.3 × 10−5
3.0 ×10−9
9.6 × 10−11
31.2
6.9 × 10−12
1.6 × 10−13
43.7
3.3 × 10−10
4.7 × 10−12
70.2
8.0 × 10−13
9.2 × 10−15
22.5
1.3 × 10−9
1.7 × 10−11
75.0
3.0 × 10−12
3.6 × 10−14
143
5.9 × 10−10
4.4 × 10−12
134
7.4 × 10−10
7.5 × 10−12
99
1.3 × 10−10
4.5 × 10−12
28.9

4.8 × 10−6
1.9 × 10−5
2.1 × 10−9
2.3 × 10−10
9.1
5.0 × 10−12
4.0 × 10−13
12.5
1.7 × 10−10
1.4 × 10−11
12
4.4 × 10−13
4.0 × 10−14
11
6.0 × 10−9
3.3 × 10−10
18.2
1.5 × 10−11
9.8 × 10−13
15.3
5.4 × 10−10
2.5 × 10−11
21.6
8.4 × 10−10
5.2 × 10−11
16.2
2.2 × 10−10
2.5 × 10−11
8.8

4.9 × 10−6
1.8 × 10−5
2.1 × 10−9
2.3 × 10−10
9.1
5.0 × 10−12
3.9 × 10−13
12.8
1.6 × 10−10
7.0 × 10−12
22.9
4.1 × 10−13
1.6 × 10−14
25.6
5.6 × 10−9
1.7 × 10−10
32.9
1.4 × 10−11
4.0 × 10−13
35.0
5.2 × 10−10
2.1 × 10−11
24.8
8.2 × 10−10
4.4 × 10−11
18.6
2.1 × 10−10
2.5 × 10−11
8.8

Notes. Old refers to the values displayed in Roueff et al. (2015).
Table A.8. Recommended fits of the reaction rate coefficients of N+ (3 P0 ) + H2 and isotopic variants from the present study.

k (cm3 s−1 )

Reaction
N+ + p − H2
N+ + o − H2
15 +
N + p − H2
15 +
N + o − H2
N+ + HD
15 +
N + HD

→
→
→
→
→
→

NH+ + H
NH+ + H
15
NH+ + H
15
NH+ + H
ND+ + H
15
ND+ + H

3.17 × 10−10 × exp(−213.8/T )
4.86 × 10−10 × exp(−41.1/T )
3.19 × 10−10 exp(−208.3/T )
5.35 × 10−10 exp(−37.0/T )
4.77 × 10−10 exp(−50.1/T )
4.92 × 10−10 × exp(−47.2/T )
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