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Abstract
Nitrogen-bearing molecules in cold molecular clouds exhibit a range of isotopic
fractionation ratios and these molecules may be the precursors of >N
enrichments found in comets and meteorites. Chemical model calculations
indicate that atom-molecular ion and ion-molecule reactions could account for
most of the fractionation patterns observed. However, recent
quantum-chemical computations demonstrate that several of the key processes
are unlikely to occur in dense clouds. Related model calculations of dense
cloud chemistry show that the revised !N enrichments fail to match observed
values.

We have investigated the effects of these reaction rate modifications on the
chemical model of Wirstrom et al. (2012) for which there are significant
physical and chemical differences with respect to other models. We have

included '®N fractionation of CN in neutral-neutral reactions and also updated
rate coefficients for key reactions in the nitrogen chemistry.

We find that the revised fractionation rates have the effect of suppressing N
enrichment in ammonia at all times, while the depletion is even more
pronounced, reaching N /15N ratios of > 2000. Taking the updated nitrogen
chemistry into account, no significant enrichment occurs in HCN or HNC,
contrary to observational evidence in dark clouds and comets, although the
14N /15N ratio can still be below 100 in CN itself. However, such low CN
abundances are predicted that the updated model falls short of explaining the
bulk '°N enhancements observed in primitive materials. It is clear that
alternative fractionating reactions are necessary to reproduce observations, so
further laboratory and theoretical studies are urgently needed.

keywords astrochemistry — molecular processes — ISM: molecules — ISM:
clouds — meteorites, meteors, meteoroids — comets: general



1 Introduction

Accounting for the origin of the nitrogen isotopic enrichments in primitive So-
lar System materials as measured in meteorites, interplanetary dust particles
and comets is a major problem in studies of the origin and evolution of the
Solar System (Fiiri & Marty 2015; Bockelée-Morvan et al. 2015). Gaseous ion-
molecule isotope exchange reactions at the low temperatures of the presolar
molecular cloud have been recognized as a promising mechanism. Terzieva &
Herbst (2000) computed the energetics of several viable processes and these
have formed the basis of several subsequent theoretical studies (Charnley &
Rodgers 2002; Rodgers & Charnley 2008a,b; Hily-Blant et al. 2013a; Wirstrém
et al. 2012; Heays et al. 2014). As summarized by Wirstrém et al. (2016), when
compared to observations of molecular clouds and Solar System objects, until
recently these models have been successful in explaining some of the measured
1N /15N ratios. Assuming a nominal elemental 14N /*®N ratio of 400 for the ISM
(cf. 440 in the Sun) the low HC*N/HC!N and H*NC/HNC ratios of cold
molecular clouds (=~ 140-366) and low-mass protostars (=~ 160-460) could be
reproduced. Based on the fractionation chemistry of Terzieva & Herbst (2000)
the reaction

N + HCYNH' = N + HCYNHT (1)

underlies the '°N enrichment of HCN and HNC. However, HCNH* recombina-
tion with electrons produces CN radicals as well as HCN and HNC. The fact that
CN appears to be generally less fractionated (Hily-Blant et al. 2013b; Fontani
et al. 2015) is therefore puzzling. Terzieva & Herbst (2000) also proposed that
molecular nitrogen could become enriched in '°N through

15N + 14N2H+ — 14N + 14N15NH+ (2)
= YN + "NYNHT (3)

Model calculations indicate a similar '°N enrichment of NoH* isotopologues
as for the nitriles (e.g. Wirstrom et al. 2012). However, recent studies of dark
clouds and regions of massive star formation by Bizzocchi et al. (2013) and
Fontani et al. (2015) indicate that, while the predicted range of enrichments are
indeed evident, dramatic depletions (>1000) are also found. On the other hand,
the 1NH3/1°NHj3 ratios observed (Gerin et al. 2009; Lis et al. 2010; Adande &
et al. 2017) and calculated (Wirstrém et al. 2012; Hily-Blant et al. 2013a) do
not appear to show such a large range of values. In the relatively few sources
where the isotopologues of both ammonia and NoHT have been detected, the
14N/15N ratios do seem to roughly correlate (Wirstrém et al. 2016; Adande &
et al. 2017), consistent with ammonia being formed from Ny. When compared
to the cometary N /15N ratios these models can explain the measured HCN
and CN ratios (assuming that the later is derived from HCN) but fail to account
for the large ammonia enrichments (= 90 — 190, Bockelée-Morvan et al. 2015;
Shinnaka et al. 2016). There are no data on cometary No fractionation.

The veracity of existing theoretical fractionation models for molecular 14N /1°N
ratios, and their comparison with the meteoritic record, comets and the inter-
stellar medium, have now been challenged in a recent study by Roueff et al.
(2015) (hereafter R15). Roueff et al. developed a chemical model for 1°N and
13C fractionation in dense molecular clouds in which reaction rates for the nitro-
gen fractionation reactions of Terzieva & Herbst (2000) were re-evaluated based



on theoretical calculations and updated zero- point energy (ZPE) values from
recent spectroscopic data. Most importantly, the quantum chemical calculations
presented by Roeuff et al. indicate that barriers in the entrance channels will
render reactions (1)—(3) ineffective, preventing efficient fractionation of Ny as
well as the nitriles (Rodgers & Charnley 2008a).

The results of R15 will also have a detrimental effect on the fractionation
calculations reported by Wirstrom et al. (2012) (hereafter W12). Although it
could not account for the depletions observed in the NoH™T isotopologues, the
W12 model was successful in explaining several other aspects of observed in-
terstellar '°N fractionation - enriched nitrile fractionation; modest ammonia
fractionation - and, through the evolution of the Hy ortho to para spin ra-
tio (OPR), the correlations and anti-correlations between D and '°N found in
primitive materials (van Kooten et al. 2017).

In this paper we report calculations that re-evaluate those of W12 in light
of the revised R15 fractionation chemistry. This study is necessary because,
apart from the rate coefficients adopted, there exist significant differences in
the physics and chemistry of the models of W12 and R15. The calculations of
W12 considered densities similar to pre-stellar core conditions, about 10-100
times greater than those of R15 which were based on a standard dark cloud
similar to TMC-1 (ng = 0.2-2x10° cm™3). In contrast to W12, R15 neither
included the depletion of gas-phase species by freeze-out onto dust grains, nor
the time-dependence in the Hy OPR — both effects which have been shown to
have substantial impact on the relative fractionation in nitriles and amines (here
nitrogen hydrides and chemical derivatives thereof) over time (W12).

Furthermore, even when reactions (1)—(3) are not operating, there are alter-
native fractionation processes that could still become important in the physical
conditions of the W12 model. For example, W12 identified

15N+ + 141\]2 — 14N+ + 14N15N (4)

as playing a role in the fractionation of Ny and NHj3, whereas Rodgers & Charn-
ley (2008a) speculated that the neutral-neutral pathway

PN + C¥N = N + C¥N (5)
could be viable and efficient if there is a barrier to the reaction
N + CN — N; + C. (6)

However, the reaction appears to have no formation barrier, and the rec-
ommended reaction rate from the KIDA database (Wakelam et al. 2013) of
k(T) = 8.8 x 107 (T/300)°%4? cm?® molecule™! s~! agrees with laboratory mea-
surements down to 56 K (Daranlot et al. 2012). W12 assumed a 200 K barrier
for reaction (6) (see Le Teuff et al. 2000) and R15 found that isotopic exchange
through (5) was indeed plausible, a process not considered in W12. We have
therefore updated the W12 model with respect to the revisions to nitrogen frac-
tionation advocated by R15, and specific reactions in the nitrogen chemistry
from the KIDA database (Wakelam et al. 2013).

The paper is structured as follows. Revisions to the N fractionation chem-
istry and the updates to specific reactions in the nitrogen chemistry are are
described in §2. The chemical model is summarised in §3. Results from the
model calculations are given in §4 where they are compared to previous work.
Conclusions from this study are in §5.



Table 1: Nitrogen isotope fractionation reactions

No. Reaction AE/k K(T)wiz K(T)upa
(K) (10 K) (10 K)
RFla NoHT + NN = NINHt + N, 10.3 1.46 1.40
RF1b NyHT + NN = NNH*+ + N, 2.1 0.63 0.62
RF2 NNHT 4+ NN = NNHt + N*N 8.1 -a 2.25
RF3  NoHt + N, = N,Ht + N, 15.0° 4.48 4.48
RF4 N!NHt + N, = PN,Ht + NN 4.3° 3.07 3.07
RF5  NNHt + N, = PN,H+ 4+ NN 12.7¢ 7.12 7.12
RF6a NyHt 4+ 1’'N = NNHt 4+ N 38.5 37.0 b
RF6b NoHt + N = I NNH*t + N 30.4 16.0 -b
RF7 HCNH't 4+ N = HC'NHT + N 37.1 36.2 b
RF8 CNCt 4+ N = CINCT + N 38.1 38.1 45.2
RF9 CN + N = CN + N 22.9 -a 9.9
RF10 Nt 4+ N, = Nt 4 NN 28.3 16.9 33.9
RF11 1Nt + NO = Nt 4+ 15NO 24.3 11.4 b
RF12 N 4+ C3N = N + Cy'°N 26.7 14.44

# Not included in the W12 network.

b A reaction barrier prevents this reaction from taking place at 10 K (Roueff et al.
2015).

¢ Not evaluated by Roueff et al. (2015), but from Adams & Smith (1981).

4 Only included in the W124+R15+W13 network.

2 Revised Chemical Network

2.1 5N fractionation

Table 1 lists the major reactions potentially leading to !N fractionation in
cold, dark clouds, both ion-molecule and neutral-neutral reactions, with ZPE
differences, AFE, as determined by R15. The resulting equilibrium coefficient,
K(T) = k¢/k;, the ratio between the forward and reverse reaction rate (e.g.
Terzieva & Herbst 2000), is listed for each reaction at 10 K, both for the new
fractionation network and the one from W12. Comparing the equilibrium coef-
ficients in Table 1, there are three major differences between the two networks:

— (i) Atomic N is only contributing directly to the fractionation of molecules
through reactions (RF8) and (RF9), while three of the most important
fractionation reactions in previous models, (RF6a), (RF6b), and (RF7),
have been found unlikely to proceed at 10 K. This is likely to suppress the
fractionation in all nitriles as well as NoHT.

— (ii) A fractionation in Ny is introduced in the proton transfer reaction
(RF2). This is likely to only shift the relative abundance of > NNHT and
NYSNHT,

— (iii) The atomic ion *N* will no longer fractionate NO (RF11) and is more
efficiently circulated back into molecular nitrogen through (RF10). Since



Table 2: Revised rates for nitrogen chemistry

No. Reaction kwi2(10 K)  kypa(10 K)
(cm3s™1) (cm3s~1)

RNla C + NH, — HNC + H 3.65x10"2  3.25x10~ T
RN1b C + NH, — HCN + H 0.0% 3.25%x10~11
RN2a CH + NH; — HCN + o-H, +H 0.02 4.74%x10~12
RN2b CH + NH3 — HCN + p-H, +H 0.02 4.74x10712
RN3a N + CH, — HCN + H 3.65x10712  2.80x10~ !
RN3b N + CH, — HNC + H 0.0? 2.80x10~ 1!
RN4 N+NH — Ny +H 4.98x10~7  3.56x10~ !
RN5 N+NH, — N, +H+H 0.02 1.20x10~10
RN6 N + C32N — CN + CN 0.0b 1.00x1010
RN7 N+OH — NO+H 1.25%10710  2.74x10~ 11
RNS N+CN — Ny +C 6.18x10719¢ 2.11x10~11
RN9 N+NO — Ny +0 3.10x10~"  1.07x10~11
RN10a O +NH — NO + H 1.16x10710  6.60x10~ 11
RN1Ob O + NH — OH + N 1.16x10711 0.0

RN11 O + NH, — NH + OH 1.16x107 1 9.84x1012
RN12 O+CN — CO+ N 1.15x1071  5.00x10~11
RN13a CN 4+ NH; — HCN + NH, 1.10x1079?  5.04x1010
RN13b CN 4+ NH; — NH,CN + H 1.00x10~13 0.0

RN14a NHF + oHy — NHf + H 2.00x10712  1.19x10~ 12
RN14b NHJ + pH, — NHf + H 2.00x10712  1.19x107 12
RN15a NoHT + e~ — Ny, + H 3.63x107%  4.30x10°6
RN15b NoH* 4+ e~ — NH + N 0.0? 2.26x10°7
RN16 NH" +e” — N+ H 2.36x10°7  2.11x10°6
RN17a Nt + o-H, — NH* + H 8.74x10712  7.97x10712
RN17b NT + pH, — NH" + H 4.02x10717  1.64x1071°
RN18a Nt + o-H, — PNHT + H 8.74x1072  1.32x10~ 1!
RN18b N+t 4 p-H, — PNH* + H 4.02x10717  2.87x10~1°

& Not included in the W12 network.

> The C,N species was not included in the W12 network.
¢ Rodgers & Charnley (2008a) considered models with zero rate coefficient

and W12 used a 200 K energy barrier.



15 Nt s initiating all nitrogen fractionation in ammonia (as discussed in
W12), this effect is expected to be suppressed.

The revised reaction data of (RF1)-(RF11) were incorporated into the W12
chemical network with the rates determined by R15 (the 10 K upper limit given
for the reaction rate of reaction (RF9) was adopted: 2.1x107!! em3®s~1!). The
resulting reaction network, W12+R15, has 4437 reactions between 281 gas-phase
species.

2.2 Nitrogen chemistry

Many of the reactions describing and dominating the nitrogen chemistry in
a cold molecular cloud have not been studied in detail, but are assumed to
proceed at approximate reaction rates, e.g. the classical Langevin collision rate
for ion-molecule reactions. Through sensitivity analysis, Wakelam et al. (2010)
identified 18 neutral-neutral and 2 ion-molecule nitrogen reactions to which
abundance determinations are particularly sensitive, and Wakelam et al. (2013)
present a theoretical review of these reactions, their rates and branching ratios.
Following recommendations by Wakelam et al. (2013) for rates valid down to
10 K in temperature, 15 reaction channels are modified, and seven reactions
or reaction channels are added to the nitrogen reaction network of W12. The
relevant reactions are listed as (RN1-15) in Table 2.

The CoN species was not included in the W12 network, but as its reaction
with atomic nitrogen, (RNG), can be an important path to CN, it has been
included in this updated network together with its protonated form, HCoN¥,
and their ®N isotopologues. The formation and destruction paths were adopted
from the KIDA database (Wakelam et al. 2015), and the fractionation reaction
(RF12) (Table 1) included.

In addition, the electron dissociative recombination of NH™ was investigated
experimentally and found to proceed at significantly higher rates at 10 K than
previously assumed (Novotny et al. 2014), so the rate has been updated (RN16).
Corresponding reactions for N isotopologues are assumed to have identical
reaction rates to those for the main isotopologue, and, when applicable, reactions
are assumed to produce ortho and para versions of Hy with equal probability.
The only exception is the reaction Nt + o/p-Ha, for which Grozdanov et al.
(2016) recently calculated state- and isotope- specific rates (RN17,RN18) which
are applied. These are expected to suppress the formation of amines somewhat
and affect their isotopic ratios, since the reaction rate for forming '"NHT is
found to be more than 60 per cent higher than for forming *NH*. While the
Grozdanov rates do not reproduce experimental results for the p-Hs reactions
as well as the rates calculated by Dislaire et al. (2012) (used in W12), inclusion
of the potential fractionation effects can be important and the effect on overall
ammonia abundance should be very limited.

The resulting network is designated W12+R15+W13, and includes 4495
reactions between 285 gas-phase species.

3 Chemical model

Following W12, we consider the chemical evolution of the central regions of a
static prestellar core with a gas density n(Hs)=10° cm~2, a temperature of 10 K



and a visual extinction of Ay>10 mag. Cosmic ray ionization occurs, at a rate
of (=3x107'7 s71. The chemical model used is based on Rodgers & Charnley
(2008a) and W12, including the total expansion of ortho and para forms of Ha,
HJ, and Hj. An initial Hy OPR of 3 is assumed, but this decreases over time
through the conversion reaction

H++0*H2HP7H2+H+ (7)

which is exothermic by 170.5 K. Since the model includes the continuous pro-
duction of Hy at OPR=3 (Fukutani & Sugimoto 2013) from atomic H sticking to
grain surfaces with an efficiency of 0.6, an equilibrium gas-phase OPR is even-
tually reached. Apart from Hs molecules leaving the grains upon formation, no
grain surface chemistry or desorption is considered. However, all neutral gas-
phase species, except Ho, He, N, and Ny, stick and freeze out onto grains upon
collision.

Helium, carbon, oxygen and nitrogen are included at elemental abundances
given by Savage & Sembach (1996). We are interested in cores that are just
about to form protostars and so we assume that all carbon is initially bound up
in CO, with the remaining oxygen in atomic form, and the nitrogen is partly
atomic with 50 per cent in molecular and atomic form respectively. The elemen-
tal 14N/5N ratio is assumed to be 440, with the same fraction of 1°N in atomic
form initially, >N /5N'4N=1. Note that this implies a nominal Ny /N'®N ratio
of 220.

4 Results

4.1 PN fractionation revisions

Figure 1 shows the evolution of 1°N fractionation in the major nitrogen species
as calculated from model W12+R15 as compared to W12, and Fig. 2 illustrates
the most important fractionating reactions. In what follows we cite reactions
directly to Tables 1 and 2. Contrary to predictions by R15, an enhancement of
a factor of ~ 10 is built up in the nitriles, as in W12. All available atomic N
rapidly fractionates CN directly through reaction (RF9), and through (RFS)
followed by dissociative electron recombination. Figure 2 shows how this °N
enhancement is successively spread to HCN, e.g. through the reaction

and even later to HNC through HCNH™, formed by reactions of HCN with e.g.
HCO* and H;0T.

The fractionation in ammonia follows closely the atomic ion ratio, *?NT /14N*
since its formation is initiated by reactions (RN16,17) see e.g. W12 and Groz-
danov et al. (2016). However, NH3 is not enhanced in N as CO is depleted
from the gas-phase after about 10% years, as found in W12, because reaction
(RF10) channels NT into MN!N faster than into NHT (see Fig. 2). Con-
sequently, as the o-Hy abundance drops after 2 x 10° yrs, the ?N depletion in
ammonia becomes even more pronounced than in W12, and the later enhance-
ment suppressed. The molecular reservoir of nitrogen remains unfractionated
until late in core evolution, ~ 10° yrs. Unlike earlier model predictions, includ-
ing those of W12 and R15, '>’NNHT is slightly reduced in *N from about 10*
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Figure 1: Nitrogen fractionation in the major nitrogen-bearing gas-phase
species, relative to an elemental "N /N ratio of 1/440, as predicted by the
original W12 model (dashed) and the updated W12+R15 model (solid). The
right-hand axis scale show the corresponding N /1°N ratio. A colour version
of this figure is found in the electronic journal.
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to 5 x 10° yrs (N/'N of about 300 compared to the nominal ratio of 220,
see Fig. 1), but far from the very depleted ratios observed in L1544 (Bizzocchi
et al. 2013). The reason for this decrease is that in the absence of reactions
(RF6), the formation and destruction of diazenylium (NoH') are dominated
by non-fractionating reactions from early times: production by H;r + Ny and
destruction by CO back to N, so that the ®N fractionation simply follows
the molecular N /NN ratio. As CO is depleted from the gas-phase, Ny be-
comes successively more important in the destruction of NNHT, effectively
converting it to NoHT (the reverse of reaction RF1b) and thus increasing the
NoH* /ISNNH*. Formation and destruction of N> NHT follows a similar pat-
tern, but the net effect of the fractionating reactions (RF1) and (RF2) is instead
a slight enhancement in N relative to Ny, see Fig. 1.

4.2 Nitrogen chemistry revisions

In Figure 3, the abundance and '®N fractionation evolution of the major species
using the updated W124+R154+W13 network are compared to results from the
W12 model. From the left panel it is evident that almost two orders of mag-
nitude less CN is maintained in the gas-phase of a dense core when applying
the nitrogen reaction rates of Table 2. We note that the inclusion of reaction
(RN6) does not have a significant effect on the overall CN abundance under the
present conditions. Since nitriles are mainly enhanced in N from reactions
with CN in the W12+R15 fractionation network (see Fig. 2), this low CN abun-
dance also has the effect of suppressing ®N fractionation in HCN. Thus, the
previously predicted enhancements of HC'®N and H'NC are almost completely
eliminated, even though CN itself still reaches enhancements corresponding to
CN/CY*N~80 (right panel of Fig. 3). The difference causing this large discrep-
ancy is of course that reaction (RN8) had effectively zero reaction rate at 10 K
in the W12 model (see §1). Note that abundance and fractionation of HNC
follow closely that of HCN, typically at slightly lower values.

Another effect of the higher efficiency of reaction (RN8) is that No is main-
tained in the gas-phase later in cloud evolution, which also suppress the late
increase in !N fractionation in Ny, NoH* and NH3 (Fig. 3). Instead, both Ny
and N NH* actually join > NNH* to become less enriched in °N( as compared
to the nominal ratio of 220) late in cloud evolution.

From the left panel of Figure 3 it can be noted that the overall ammo-
nia abundance is somewhat depressed, due of the lower efficiency of reactions
(RN17), the step initiating all ammonia formation. Since electron transfer from
amines (NHs, NH3) was a significant destruction channel for HT in the W12
model, this lower efficiency results in a higher H abundance from 2 x 10* —
108 yrs, causing a faster conversion of o-Hy to p-Hy, observed as an earlier drop
in the o-Hs abundance.

In the right panel of Figure 3, ammonia does not only show less °N en-
hancement at early and late times than predicted by previous models (Rodgers
& Charnley 2008a; Wirstrom et al. 2012), but shows a significantly more pro-
nounced depletion (reaching NH3/NH3 > 2800) and no enhancement at all
(Fig 3). This is both due to the faster conversion of 0-Hy to p-Hs — which shifts
the onset of 1°N depletion in NHj to earlier times — as well as the prolonged pres-
ence of molecular nitrogen, delaying the late enhancement as discussed above.
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Figure 3: Left panel: Time evolution of the nitrogen chemistry in dense cores
for nitrogen reaction rates based on Wakelam et al. (2013) (solid lines), as
compared to the W12 nitrogen reaction network (dashed lines). Right panel:
Predicted evolution of the nitrogen fractionation in the major nitrogen-bearing
gas-phase species for the combined W124+R15+W13 chemical network (solid
lines) as compared to the W12 network (dashed lines). On the left-hand axis
15N enhancements are given relative to an elemental N/!4N ratio of 1,/440,
while the scale of the right-hand axis show the corresponding *N /1N ratio. A
colour version of this figure is found in the electronic journal.
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4.3 Main reservoir of N and °N

It was discussed by (Rodgers & Charnley 2008a) that a substantial fraction of
N in atomic form is required to produce substantial "’ N-fractionation. How-
ever, for the revised reaction network where reaction (RF6) is prohibited from
converting '°N from atomic to molecular form, and ammonia is predicted to be
predominantly depleted, the major effect of a low initial fraction of atomic ni-
trogen is on the nitriles (see left hand side of the network in Fig 2). The overall
abundance of HCN and HNC becomes lower, CN is only significantly enhanced
in 15N just before it reaches its abundance peak and freeze out, but then the
enhancement is also transferred to HCN and HNC. '°N depletion in ammonia
is not affected by a low atomic fraction.

On the other hand, starting out with a completely atomic nitrogen reservoir
will suppress ammonia and NoHT abundances, and only after ~ 10* yrs a signif-
icant molecular nitrogen abundance is built up via the reaction N + NO. This
has the effect of allowing some N enhancement in ammonia (see right hand
side of Fig. 2) before depletion sets in when the o-Hy abundance drops after
~ 10° yrs (see Fig. 3) — and the depletion will not be as pronounced as if start-
ing out with molecular nitrogen. Fractionation in NoH™ will follow that of Ny
even more closely because of less frequent interaction between them, and never
be significantly depleted or enhanced. The high atomic nitrogen abundance will
only marginally increase the CN abundance, and therefore nitrile fractionation
remains largely the same as in the nominal model.

We also note that observed isotopic ratios of course will depend on which
form the initial reservoir of ®N takes - if it deviates from the atomic to molec-
ular ratio of N. With 50 per cent of N in atomic form as in our standard
model, a dominating atomic '°N reservoir results in >N enhanced CN, HCN
and HNC at all times, while NH; and NoHT will show '°N depletion at differ-
ent levels scaling with the initial 1°N/N'°N ratio. In less dense regions where
the ambient UV field can penetrate, the atomic reservoir is predicted to be en-
hanced in ®N by isotope-selective photodissociation of Ny (Heays et al. 2014).
However, if such a precursor cloud retained this enhancement through collapse,
the enhancement could also be common in the cold, dark environments of a
pre-stellar core, although the process itself is inactive here. Detailed modelling
of this evolutionary process will be necessary to ascertain its effectiveness in
producing high atomic N fractions in cold, dark environments.

5 Conclusions

In summary, when the revised >N fractionation rates advocated by Roueff et al.
(2015) are incorporated into the model of Wirstrom et al. (2012) the effect of
suppressing '°N enrichments in the nitriles can be offset by including fraction-
ation in the neutral exchange process (RF9) involving atomic nitrogen and the
CN radical. On the other hand, ammonia is predicted to never become enriched
in 15N but can still show depletion, whereas the NoH* isotopologues closely fol-
low the isotope ratio of molecular nitrogen: can retain enrichment but still show
no depletion. When the nitrogen chemistry is updated with reaction rates from
the KIDA database, the effects on the '°N fractionation of NoHT and NHj are
largely unchanged. However, we find that no enrichment occurs in HCN or HNC,
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contrary to observational evidence in both dark clouds and comets, although it
can still be significant in CN itself. With CN at such low abundances, the up-
dated model also falls short of explaining the bulk !N enhancements observed
in primitive materials. Even if the initial isotopic abundance ratio 4N /15N of
the solar nebula was lower, as suggested by some observations (Adande & Zi-
urys 2012; Hily-Blant et al. 2017), CN would need to be solely responsible for
the localised extreme '°N enhancements in meteoritic insoluble organic matter
(MN/15N>65, cf. Busemann et al. 2006).

The reaction barriers of (RF6) and (RFT7) are evaluated based on a linear
geometry in R15, and it has been pointed out that other approach angles on
the potential energy surfaces still might allow the reaction to proceed (G. Ny-
man, priv. comm.), which could reintroduce the >N enhancement in nitriles.
However, assuming that this possibility can be neglected, alternative fraction-
ating bimolecular reactions are necessary to reproduce observations, perhaps
involving neutral processes. It is unclear at this time which may be most viable
and so laboratory studies are urgently needed. Insights into possible alternative
fractionation pathways may come from future observational studies that target
all the relevant molecules - HCN, HNC, CN, NyHT™ and NH3 — in individual
sources; thus far, these data only exist for L1544 and Barnard 1 (e.g. Wirstrom
et al. 2016). Mapping of these molecules may also provide insight into frac-
tionation mechanisms. One interesting possibility is that SNoHT could be a
significant reservoir of 'N; recent spectroscopic data mean that searches for
this molecule are now possible (Dore et al. 2017).
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