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The rate constants, «., for dissociative electron-ion recombination of various isotopic combinations
of NoH* have been determined at 300 and 500K in a variable temperature flowing afterglow using a
Langmuir probe to determine the electron density. The values of e at 300K are 2.77 (14N,H*), 2.12
(#NzD%), 2.31 (>NoH*) and 1.98 ('>N,D*) x 107 cm3 s~!. The equivalent values at 500K are 2.84, 2.33,
2.93, and 2.33 respectively. This has shown that the greatest change occurs between H and D substitution
(15N, D) ate (415N H) ~ 0.765/0.857 at 300 K and 0.820/0.795 at 500 K respectively. Values at 500 K
are consistently larger than at 300 K. At both temperatures, the rate constants with H substitution are
larger than with D substitution for both '#N and '>N. Values with *N substitution are larger than with >N
for both H and D. At 500K, the values are independent of whether the ion contains '#N or '>N. Gas-phase
15N fractionation enhancement is predicted in many regions of the interstellar medium including cold
and pre-stellar cores. The effect of this fractionation on the recombination process is investigated. The
relevance to storage ring measurements of recombination rate constants is considered and applications
to the chemistry of the interstellar medium are discussed.
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1. Introduction Terzieva and Herbst [2] and by Rodgers and Charnley [3]. The latter
authors also included the electron-ion recombination reactions.

Due to nucleosynthesis, isotopic ratios are expected to vary in

different parts of the galaxy and will provide information about the YNoH e — H+ 1N, 3)
degree of nuclear processing in those regions. However, due to iso- and

tope fractionation in ion-molecule reactions and in electron-ion

recombination, the fractionation observed in the molecules will ~ ¥N!>NH* +e — H+4N15N (4)

differ from that in nuclearsynthetic processing. Such fractionation

has been observed in several isotopes notably H/D [1], 1N/!°N in
N,H* and NH3 [2-6] and 12C/13Cin CO [7]. Isotope fractionation has
also been observed in CN and HCN in Comet 17P/Holmes [8] and
in meteoritic and interplanetary dust [9]. H/D studies in NyH* have
been made for a series of prestellar cores by Crapsi et al. [10] and
Fontani et al. [11] Because of the 'N/!#N enhancement, a possible
fractionation route such as:

H3++N2—> N2H++H2 (1)
14N2H++14N]5N *)14N]5NH++14N2 (2)

was previously investigated in the laboratory [12]. These reactions
were included in chemical models of the interstellar medium by
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in their models. Following extensive studies, it has now been estab-
lished that the only reaction channel in reaction (3) is that giving an
N, molecule and an H atom [13] and, presumably, also in reaction
(4) for other 1#N and >N combinations. The channel to NH+N was
erroneously identified as dominant by Geppert et al. [ 14]. However,
this was shown not to be the case (NH+ N minor if at all) by Molek
et al. [15], a result now also obtained by Geppert and Larsson [16].
Thus, reaction (2) enhances the observable!>N in N,H* and reac-
tion (4) returns the >N to the neutral N,. Thus, it is important to
measure the specific recombination rate constants to be included
in the models together with the fractionation reaction (2). Unfortu-
nately, it is not readily possible to study reaction (4) in the flowing
afterglow because of isotope fractionation reactions between 4N,,
15N, and "¥N'>N forms of N, and N, H*. Therefore, only *N,H* and
15N, H* recombination rate constants could be measured. However,
this will give an indication of how the rate constants for disso-
ciative recombination vary with isotopic substitution. In addition,
for as complete a study as possible, the hydrogenated and deuter-
ated forms of 14N,H* and 1°N,H* recombination were also studied.
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Measurements were made at room temperature (300K) and at
500K to obtain some information on the temperature dependen-
cies. However, more detailed studies could not be made because of
the expenses of the reactant gases.

Also, detailed studies were not made at temperatures below
300K because the association

N2H++N2 +M — H+(N2)2+M (5)

(where M is the He carrier gas) can become competitive with
recombination at lower temperatures due to the increasing associ-
ation rate constant, thus, changing the recombining ion from N,H*
to H*(N;),. These competitive types of reactions have been clearly
illustrated in a previous study of HCNH* and H*(HCN), [17,18] and
more extensively for protonated and proton bound dimer forms
of CgHg benzene, CsHsN pyridine and C4H4N, pyrimidine [19].
To ensure that only the protonated species is recombining, stud-
ies were made of the recombination rate constant as a function
of reactant gas concentration (the details of this are discussed
below).

There are important experimental reasons for isotopic studies
relating to the storage ring measurements. Often heteronuclear
isotopic species are used since these radiatively relax whereas
those, which are homonuclear do not since they have no dipole
moment. This has been discussed by Guberman [20] for 4N,*
versus "“N3N*, Work by Kella et al. [21] has shown that even with
heteronuclear N,*, the recombining ion is not fully relaxed. Also,
14N15N*, in its lowest vibrational state recombines 26% faster than
14N, * in the same state. It needs to be established if there are similar
effects for NyH*.

In addition, as the recombining ion gets more massive, it
becomes increasingly difficult in the storage ring to distinguish
neutral products which are one amu apart, i.e., differing by only one
H-atom. This can be mitigated by substituting D for H, i.e., doubling
the mass difference. However, it is not known how this exchange
influences the recombination. The present flowing afterglow stud-
ies will address these issues.

Studies of the recombination of the various isotopic forms of
N,H* will also provide information on the reaction mechanisms.
For all of these recombinations, the potential curves are identical
since they only depend on the pure electronic Hamiltonian. The
only differences are then in the spacings of the vibrational and
rotational levels due to the differing masses. These masses can be
expressed in term of the reduced masses, which can be determined
by considering NoH* as a diatomic N,—H*. This is reasonable since,
under recombination, the N,H* fragments to N, plus H. The reduced
masses, u, for the combinations, 14N,H*, 14N,D*, 1°N,H*, 1°N,D*
thus take on the values 0.966, 1.867, 0.968, and 1.875. These val-
ues can be compared with, 0.875, 1.556, 0.882, and 1.579, deduced
from 1/p=1/my +1/my +1/m3. Then the vibrational energy levels
are spaced by h/2m(k/)!/2, where k is the force constant which is
independent of isotopic form.

Note that there are two basic mechanisms for dissociative
electron-ion recombination, the direct and the indirect processes.
In the direct process, the neutralized N;H* ion accesses a repul-
sive potential curve to the products N, +H. In the indirect process,
the neutralized ion undergoes a radiationless transition to a highly
excited Rydberg state which then undergoes a transfer to the same
repulsive curve as for the direct process. For the direct mechanism,
a variation in u will change the point at which the N,H* potential
curve and the repulsive N, +H curve cross relative to the vibrational
levels. For the indirect mechanism, the vibrational levels in both
the recombining ion and the Rydberg states will change relative
to the repulsive curve. However, since the forms of the potential
curves are not readily known, it cannot be predicted where there
are resonances between the Rydberg state and the position of the
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Fig. 1. Variation of reaction rate constant, «e, with N, concentration, [N;], for the
electron recombination of N, H* at 300K.

crossing to the repulsive state and between the vibrational levels
in the bound ion state and the Rydberg state.

2. Experimental

The operation of the flowing afterglow for studying dissociative
electron-ion recombination has been discussed in detail previously
[22,23] and thus only the aspects relevant to the present study will
be discussed here. Upstream in the flow tube, a plasma is created
in He (pressure ~1.5Torr) in a microwave discharge. This plasma
is carried along the flow tube to a downstream mass spectrometer
by the He carrier gas. The plasma ionization density is determined
as a function of position along the flow with an axially moveable
Langmuir probe. The N,H* recombining ions of interest are created
by adding Ar, H, and the N, reactant gas sequentially to the flow
generating the reaction sequence:

Het +2He — He,* +He (6)
He, ™, He™ 4+ Ar — Art +2He/He + e (7)
Art +H, - ArH*/H3* (8)
H3* +Ny — NpH +H, 9

where the nitrogen is either “N, or 1°N, and the hydrogen is either
H, or D, (He™ is the helium metastable) individually producing
the recombining ions, '#N,H*, 14N,D*, 1°>N,H*, and >N,D*. The
recombination rate constant, o, is determined from the slope of a
plot of 1/[e] versus axial position z along the flow (Eq. (10)),

le] 1, —[e] lo= —tez/vp (10)

where vp is the He plasma flow velocity and z is the axial posi-
tion. If only one ion species is present in the flow, this plot will be
linear until ambipolar diffusion becomes the dominant ionization
loss process at low ionization density. In addition, if the ion type
is not changing, e Will be independent of the concentration of the
N, reactant gas. A plot of this form is shown in Fig. 1 for "4N,H*
recombination.

The variation of «e at low [N;] is the conversion of a slowly
recombining H3* plasma [24] into an NoH* plasma (reaction (9)).
Above this region, c. is independent of [N;] i.e., at higher flows,
it shows that only one recombining ion is present. Such detailed
plots could not be generated for 1°>N,H* because of the expense.
However, all studies were made under conditions where ae was
constant and are, thus, for a single recombining ion NoH*. To inves-
tigate the conditions where the ion type could be changing with
increasing [N, ] flow, for example where association could occur
and H*(N,), be created, the temperature of the flow tube was
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Fig. 2. Variation of reaction rate constant, «e, with N, concentration, [N3], for the
electron recombination of N,H*/H*(14N; ), at 200K.

lowered to 200K since it is known that three body association is
competitive since (see Eq. (5)) rate constants increase rapidly with
decreasing temperature [19]. A plot of this recombination is shown
in Fig. 2 and has many similarities to Fig. 1 except that at the higher
[N, ] there is a second increase in «te correlated with the generation
of the proton bound dimer. H*(N> ),. This situation can be expressed
by the equations:

H;+N2:‘N2H++H2 (11)
el

NH* + Ny + He = H*(N,), + He (12)
el el

Rate constants obtained in this way for 14N, H*, 14N, D*, 1N, H*,
and 1°N, D" are listed in Table 1 for 300 and 500 K. Absolute errors in
the rate constants are +15%, and importantly, the relative errors are
+5%. Relative errors were evaluated by studying a series of identical
reactions over an extended period of time using the same setup.
Absolute errors include the systematic error associated with the
experimental technique.

3. Results and discussion

Table 1 shows a comparison between the rate constants for
the various isotopic forms of Ny;H* at both 300 and 500K. For
14N,H* and “N,D*, there is excellent agreement with the ear-
lier studies [25], included in Table 1. Ratios of the rate constants
are given in Table 2. A great deal can be gleaned from these
tables. Firstly, the values of ae at 500K are consistently larger
than those at 300K. At both 300 and 500K, the rate constants of
ions containing H are larger than those containing D for both 14N
and >N. ae(141NyD*)/ate(1415N,H*) ~0.765/0.857 at 300K and

Table 1

Dissociative recombination, «., of isotopic forms of N;H* (containing H/D and
14N, /15N, ) at 300 and 500 K. Units are 10~7 cm? s~!. Previous values in the literature
[25] are given for "*N,H* and '“N,D* in parenthesis.

14N, H* 14N, D* 15N, H* 15N,D*
200K 2.81 - - -
300K 2.77(2.80)[25]  2.12(2.15)[25]  2.31 1.98
500K 2.84 2.33 2.93 2.33

Table 2
Ratios of recombination rate constants for NoH* in the isotopic combinations
indicated.

4N, D*/14N,H*  15N,D*/15NyH*  1SN,H*/14N,H*  15N,D*/14N,D*

300K 0.769 0.854 0.833 0.940
500K  0.826 0.800 1.03 1.00

Table 3

Room temperature (300 K) recombination rate constants, «e, for the series of ions
indicated, as obtained from the literature. Comparisons are given for fully hydro-
genated and fully deuterated species determined using flowing afterglows (FA) and
storage rings (SR). Also shown are the ratios of the rate constants ae(D)/ae(H).

Molecule oen(300K) ep(300K) ®ep(300K)/ae(300K)
N,D* 2.8(—7)FA[25] 2.15(-7)FA [25] 0.769
2.77(-7)FA 2.12(-7)FA

Present Present 0.765
DCO* 2.0(-7)FA [26] 1.7(-7)FA [26] 0.85
1.9(-7)FA [27]
0.769FA [25]
D30* 4.3(-7)SR [28] 4.5(-7)SR [28] 1.05
7.6(—7)SR [29] 3.5(=7)SR [29]
8.0(-7)FA [27]
0.46
D3S* 3.7(-7)FA [30] 2.8(—7)SR[33] 0.757
5.2(-7)FA [31]
5(—7)FA[32]
0.539
0.560
N,OD* 4.2(—7)FA [30] 1.4(—6)SR [34] 3.33
4.5(—7)FA [27]
DCO,* 3.4(-7)FA[30] 1.4(—6)SR [34] 411
4.6(—7)FA [27] 4.00
3.04
D*(D,0), 2.5(—6)FA[35] 1.59(-6)SR [36] 0.636
CD3;CND* 3.3(-7)FA [37] 8.13(—7)SR [38] 2.46
C3D7* 19(-7)SR [39] 2.3(=7)SR[41] 0.121
8.3(—7)FA [40]
C4Do* 8.3(—7)FA [40] 5.8(—=7)SR[41] 0.699
C,Ds* 9.0(-7)FA [27] 2.8(—7)SR[42] 0.311
6.0(—7)FA [40]
0.467

0.820/0.795 at 500K respectively. Those containing #N are larger
than those containing >N for both H and D but only at 300K. At
500K, the values are independent of whether the ion contains 14N
or 1N, This is a very significant finding in that isotopic substitution
of nitrogen in NoH* affects the temperature dependence of the rate
constant of the ion, thus, substantially influencing the recombina-
tion of the ion. Based on these observations, the rate constants for
14NT5NH* and '>N'4NH*, will be greater with increasing temper-
ature. At both 300 and 500K, those containing H are larger than
those containing D. At 500K, the values for all combinations of
14N and >N are expected to be the same. At 300K, the values
for the values for *N15NH* are expected to be in between those
for 1¥N,H* and 1°N,H* for both H and D. However, it is not easy
to come to any detailed conclusions when comparing homo and
hetero species. Nontheless, it is clear that the rate constants for H
containing species cannot be assumed to be equal to those for their
D counterparts.

4. Conclusions

These studies have shown that there are significant differences
between the values of rate constants for the hydrogenated and
deuterated counterparts of NoH*. Thus, the values deduced from
storage ring studies of the deuterated species cannot be applied
directly to situations involving hydrogenated species. However,
note that the effects for 1N and '°N substitution are seen to be
smaller than for H and D. It can be seen from Tables 1 and 2 that,
with decreasing temperature, the ratio '#N,H*/14N,D* increases
and the ae becomes smaller. Thus, the overall concentrations of
both 1“N,H* and N,D* will increase, that of 1*N,D* increasing
more rapidly. This is consistent with the studies of Fontani et al.
where “N,D*/1“N,H* was measured at the much lower temper-
ature of the interstellar clouds [11]. Fontani reported an average
value of ~0.015 for the *N,D*/14N,H" ratio in the high-mass pro-
tostellar cores observed, around 3 orders of magnitude larger than
the interstellar D/H ratio.
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It is interesting to compare the effects of deuteration on the
electron-ion recombination rate constants from the literature.
These data are compiled in Table 3. These results may not be directly
comparable to the present study because several values were eval-
uated in different apparatuses at different times.

The ratios quoted, which vary from ~0.3 to ~3, are for various
combinations of FA and SR, both FA and both SR (both with the same
and different apparatuses). Even when H and D measurements are
made using the same apparatus, there are significant differences.
For example, for D30*, the ratio is 1.05 from ASTRID [28] and 0.46
from CRYRING [29]. For N,D*, two values in the same FA are 0.765
and 0.769. However, for DCO*, good agreement (0.85 and 0.769) is
still obtained with different FA’s. There is much less experimental
data available for the!*N-15N isotopic comparison, and a similar
table cannot be tabulated. Thus, the overall conclusion is that a little
more faith can be put in the FA values than from those in the SR,
but there is a great deal of work that needs to be done. Also, many
more calculations are required to establish the effects of isotopic
composition.
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