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Chemical accelerator studies on isotopic variants of the reaction Nt +CH4~N2H+ +CH3 are reported. 
Reaction cross sections, as well as velocity and angular distributions of the ionic products have been 
measured as a fUnction of initial translational energy over the range 0.65-35 eV (center of mass). The 
results are sImilar to those recently reported for the reaction of Ar+ with CH4. The excitation function 
maximizes at about 5 eV (c.m.) and decreases at lower collision energies, appearing to possess a threshold 
at 0.1 eV. At the higher energies there is a large isotope effect favoring abstraction of Hover D. The 
product velocity vector distribution is strongly peaked forward of the center of mass, indicating that the 
reaction is predominantly direct over the energy range studied. The spectator stripping model, although 
providing a reasonable first approximation to the reaction dynamics, overestimates the product translational 
energy by approximately 0.1 eV. This behavior is presumed to be caused by a basin in the potential energy 
hypersurface for this reaction. If, however, an N2CH,;" complex is formed at low collision energies, it 
appears to decompose via reaction channels other than that resulting in N2H+ formation. 

I. INTRODUCTION 

We recently reported1 that the exoergic ion-molecule 
reaction 

(1) 

demonstrates two rather uncommon features: (1) the 
excitation function (reaction cross section as a function 
of translational energy) appears to possess a threshold 
at about 0.1 eV, whereas nearly all exoergic reactions 
of positive ions have been found to proceed with no activa
tion energT; (2) the most probable value of the product 
translational energy is about 0.1 eV lower than the value 
predicted by the spectator stripping model, 3 exactly the 
opposite of the behavior observed for a number of exoer
gic hydrogenic-transfer ion-molecule reactions. 4 

We suggestedS that these two phenomena are related, 
both being manifestations of a basin in the potential en
ergy hypersurface for the reaction. The unexpectedly 
low product translational energy results from ArH+ -CH3 
attraction and the consequent product deceleration as 
translational energy is converted into potential energy. 
Direct reaction is possible only if the collision energy 
is high enough that the products retain sufficient momen
tum to overcome this attractive potential and to separate 
completely. 6 Failure to separate in a direct manner 
leads to the formation of an ArCH; complex which pref
erentially decomposes via reaction channels other than 
ArH+ formation, thereby causing the sharp decrease ob
served in the excitation function at the lowest collision 
energies. 

Product velocity spectra for the exoergic reactions 

(2) 

have been measured over the energy range 0.4-22 eV 
(c. m. ) by Henglein and co-workers. 7 At collision ener
gies less than 10 eV, they found that the most probable 
product translational energy was consistently 0.1-0.2 
eV lower than that predicted by the spectator stripping 
model, and they suggested that an N2Cn; complex might 
be formed at collision energies of a few tenths of an eV. 
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Because we attributed the unusual shape of the excita
tion function for Reaction (1) to dynamical restrictions, 
and because Reaction (2) was reported7 to exhibit nearly 
identical dynamical behavior, we sought to determine if 
Reaction (2) also exhibited a similarly shaped excitation 
function. Although Mahan and co-workers8 have mea
sured reaction cross sections and product velocity vector 
distributions for Reaction (2) over the energy range 
10.5-25.0 eV (c. m. ) and for the reaction 

(3) 

over the energy range 9.1-47.3 eV (c. m.), no informa
tion on the cross sections at energies less than 9 eV 
has been published. 

We report here cross sections and product velocity 
distributions for Reaction (2) over the energy range 
0.65-19 eV (c. m.), and crosS sections for Reaction (3) 
over the range 0.72-35 eV c. m. 

II. EXPERIMENTAL 

A. Apparatus 

The instrument used in this study is a Single beam
collision chamber type of chemical accelerator with 
product velocity and angular analysis. Ions, formed by 
electron impact, are focused into a nearly monoener
getic beam of variable energy (0.5-100 eV lab) by a sys
tem of electrostatic lenses. This collimated beam 
passes through the collision chamber containing the neu
tral target gas, the pressure of which is measured by 
a capacitance manometer. The ion gun can be rotated 
about the center of the collision chamber, permitting 
the fixed detector to measure scattere~ product at vari
ous angles. Those ions leaving the collision chamber 
at the selected angle pass through a rectangular detec
tion slit, a retarding potential energy analyzer, and a 
set of strong focusing quadrupole lenses. Mass analysis 
of these ions is performed with a 30 cm, 90° deflection 
magnetic sector analyzer of a Nuclide mass spectrom
eter. The individual components of this instrument 
and the experimental procedures involved in data coUec-
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tion have been described in detail elsewhere. 5,9 

B. Internal states of the reactants 

The N; is produced by impact of 70 eV electrons on 
Nz, so that the primary beam contains N; with a distribu
tion of internal energies (electronic, vibrational, and 
rotational). A study of optical emission from the decay 
of long-lived, excited states of N; produced by impact 
of 63 eV electrons of Nz indicated that (1) most (- 87%) 
of the emission is produced by A zITu - XZ L; transitions; 
(2) about 25%, 0.7o/c, and 0.3% of the Nz+ is initially pro
duced in the A zIT u, v' = 2- 9 levels, v' = 10-19 levels, 
and v' = 20-30 levels, respectively; and (3) excited state 
lifetimes were on the order of 6-7 Ilsec. 10 In our ap
paratus, however, the 5-10 Ilsec flight time from the 
extraction aperture to the collision chamber, plus the 
undetermined time spent in the ionization chamber be
fore extraction, undoubtedly reduce the fraction of N; 
ions in excited states below these initial values. The 
exact internal energy distribution of the reactant ions 
must, therefore, be considered as somewhat uncertain. 
The problems introduced by this uncertainty are recog
nized ll and will be discussed in a later section. 

Recent equilibrium studies performed with a flowing 
afterglow indicate that the proton affinity of N2 is 4.85 
eV. 12 With values of 13.60 and 15.57 eV 13 for the ioniza
tion potentials of H and Nz, respectively, one obtains 
the value of 6.82 eV for the energy required to dissociate 
NzW into Hand N2" (X ZL;). Assuming the value Do(H-CH3 ) 

= 4. 47 eV,14 the exoergicity of Reaction (3) is AEo 
= - 2. 35 eV for ground state reactants. 

III. CALCULATIONS 

A. Translational exoergicity Q 

Defined as the net difference between the final and 
inital translational energies, 

Q=E' -E, (4) 

the translational exoergicity describes the partitioning of 
reaction energy between internal and translational modes 
of the products. The initial energy E is obtained from 

TABLE I. Kinematic data for the reaction N2 + CD4 - N2D+ 

+CD3• 

Velo"ffy 
Most probable Most probable Collision Translational ratio 
lab energy of lab energy of energy, exoergicity, uNzD+ 
Ni (eV) N2D+ (eV) E (eV) Q (eV) UN2' 

1.55 1. 33 0.645 - o. 216 0.747 
2.36 2.19 0.982 - 0.171 0.833 
3.33 3.04 1. 39 -0.34 0.816 
3.43 3.00 1.43 -0.42 0.769 
3.95 3.61 1.65 -0.35 0.815 
4.36 4.05 1.82 -0.32 0.833 
4.49 3.96 1. 87 -0.52 0.776 
5.38 4.96 2.24 -0.43 0.825 
6.06 5.45 2.52 -0.61 0.800 
8.50 7.74 3.54 -0.76 0.812 

13.5 12.6 5.61 -0.91 0.839 
21.6 20.3 9.00 -1.32 0.846 
28.7 26.9 11.9 -1.78 0.845 
38.8 36.7 16.2 -2.11 0.855 
45.7 43.5 19.0 -2.19 0.862 

the most probable laboratory energy of the incident N;, 
with the target molecule assumed to be stationary. The 
final energy was obtained by the following procedure: 
the product ion distribution was scanned to determine 
the angle of maximum intensity, and the energy distribu
tion was then measured at the angle of maximum ion 
intensity. This energy spectrum was then converted to 
the corresponding Cartesian15 spectrum by multiplying 
the intensity at each point by the over-all Jacobian factor 
of 1/v. Values for E' and hence Q were calculated from 
the point of maximum intensity in the Cartesian velocity 
spectrum. 

For ground state reactants, the maximum value of Q 
occurs when all available reaction energy appears as 
product translation: Qmax=-AEo=2.35 eV. A pseudo
minimum value for Q can be assigned if one assumes all 
product excitation is contained in the ionic product. By 
requiring that E~nt < Do (N2-H+) for stable product forma
tion, one obtains Qmln=-AEo-Do(N2-W)=-2.5 eV. 
Observation of NzH+ at Q values more negative than Q min 

requires that the methyl fragment be produced with in
ternal excitation. 

B. Reaction cross section a R 

The reaction cross section is calculated from the 
equation 

where Ie is the total reactively scattered product ion 
intensity, IA is the transmitted primary ion intensity, 

(5) 

nB is the number density of target molecules in the col
lision chamber, and L is the collision path length. The 
quantity Ie/IAn~ is, therefore, the familiar thin-target 
formula often used to calculate reaction cross sections. 
The term 

if f= 1 

if fi-l 
(6) 

corrects for attenuation of the reactant and product 
beams. 5b T is the fraction of the primary ion beam that 
passes through the collision chamber, I A/I1, and f is 
the ratio of the integral cross section for attenuation of 
A by B to that for attenuation of C by B. 

As before, 5b,9 the ratio of total ion currents is given 
by 

Ie Je(OO)Ke K K 
IA-IA(OO)KA 12, (7) 

where Ie(OO) and iA(OO) are the observed ion intensities 
at the angular maximum, Ke and KA correct for differ
ences in collection efficiency caused by differences in 
angular distributions, Kl corrects for differences in 
multiplier gain, and K z corrects for any broadening of the 
mass spectral peak of ions formed with a wide distribu-
tion of kinetic energies. 

Because the primary ion beam is not mass selected, 
it contains a component of m/ e = 29, due to 14N15N +. In 
studies of Reaction (3), the actual N2H+ intensity was ob
tained by subtracting from the observed m/e 29 intensity 
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FIG. 1. Translational exoergicity Q vs initial relative energy 
E for the reaction N:t(CD4 , CDs}N2D+. Open circles indicate the 
present results; crosses represent the results of Henglein and 
co-workers 7; triangles indicate the data of Mahan and co
workers. 8 (Several low energy pOints are omitted for the sake 
of clarity. They are included in Fig. 2.) Upper limit Qrnax is 
determined by the energy released in the reaction, - ABo 
= 2. 35 eV. Lower limit Qmlll is determined by the dissociation 
energy of N2D+ and the assumption that all of the product in
ternal excitation resides in the ionic product. 

that contribution arising from 1~15N + • This contribu
tion was assumed to be proportional to the observed 
primary ion (mle = 28) intensity, 

(8) 

The proportionality constant k, determined from the ml e 
29 intensity with no CI4 in the collision chamber, was 
found to be (7.4 ±O.l)X 10-3 • This value is in good agree
ment with the values of 7. 32x 10-3 expected from the 
natural abundance of 15N. 16 
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FIG. 2. Q vs E for the reaction N2(CD4 ,CDs)N2D+ over the en
ergy range 0-10 eV (CM). Present results are shown by open 
circles and those of Henglein7 by crosses. Dashed line is the 
prediction of the spectator stripping model. The solid line 
represents the best linear fit to the present data from a least 
squares analysis. 
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FIG. 3. Integral reaction cross sections uR vs initial relative 
energy E for the reactions N2(C~ . CHs)N 2F (open circles) 
and N2<CD4 ,CDs)N2D+ (solid circles). The values of the cross 
sections, calculated from Eqs. (5) and (7), are listed in Table 
II. The solid lines represent an empirical fit [Eq. (9)] to the 
experimental data, using the parameters given in Table m. 

IV. RESULTS 

A. Energy partitioning 

The kinematic data obtained for Reaction (2) is sum
marized in Table I, which lists the laboratory energy of 
the reactant ion and the laboratory energy of the product 
ion calculated from the velocity of maximum intensity 
in the NzD+ Cartesian velocity spectrum. The transla
tional exoergicity and the ratio of the center of mass 
velocity of the ionic product to the center of mass veloci
ty of the reactant ion, UNZD+/~2' are also presented in 
Table I. The translational exoergicity is plotted vs the 
center of mass colliSion energy in Figs. 1 and 2. 

B. Cross sections 

Multiplier gains were determined for N;, NzW, and 
NzD+ by the method described in Ref. 5b. The following 
results were obtained: for Ar+ I ArH" K1 = 0.98 ± 0.01; 
for Ar+ lArD., K1 = 0.97 ± 0.01. The energy dispersion 
correction term, Kz, was found to be unity under the 
conditions of these experiments. 5b 

The cross section data for Reactions (2) and (3) are 
summarized in Table II. The correction factors for dif
ferences in the primary and secondary ion angular dis
tributions, KeIKA' were calculated by integration of the 
observed laboratory distributions by the method de
scribed in Ref. 5b. Correction factors for attenuation 
of the primary ion beam, K(O, T), have been calculated 
from Eq. (6) under the assumption17 thatj=O. The in
tegral reaction cross sections, (JR, were calculated 
from Eq. (5), using the ratio leilA obtained from Eq. 
(7). The experimental uncertainty in (JR is judged to be 
±40%. The excitation functions (<TR vs E) for Reactions 
(2) and (3) are presented in Fig. 3, 

It was found5b that the over-all shape of the excitation 
function for Reaction (1) could be described by an empirical
ly derived expression of the general form 

( 

0 if E$Eo 
<TR(E)= A(E_Eo)Be-C<E-EO} 'f E E 

1 > 0' 
(9) 
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T ABLE II. Integral cross sections for reactions of the type Ni + CY4 - N2Y+ + CY3• 

Most probable Most probable Relative 
lab energy of relative Pressure collection 
N; energy of CY4 efficiencies 
E1ab (eV) E (eV) (10-3 torr) Kc/KA 

A. Nz + CH4 - N2H+ + CH3 
1. 97 0.72 1. 59 4.25 
2.95 1. 07 1. 62 3.62 
3.60 1. 31 1. 50 3.35 
4.87 1. 77 1. 65 2.85 
5.50 2.00 1.23 1. 96 
6.90 2.51 1. 70 2.25 
9.10 3.31 1. 70 2.15 
9.90 3.60 1. 33 2.08 

12.60 4.58 1.49 2.00 
14.40 5.24 1.40 1. 98 
20.3 7.38 1. 45 1. 70 
24.3 8.84 1.00 1.60 
28.1 10.2 1. 51 1. 50 
39.7 14.4 1.58 1. 25 
44.8 16.3 1.40 1.19 
48.8 17.8 1. 58 1.18 
63.8 23.2 1.71 1.16 
79.2 28.8 1. 83 1.10 
96.5 35.1 1. 88 1. 03 

B. N2 + CD4 - N2D+ + CD3 
1. 55 0.645 1.20 3.44 
2.36 0.982 1. 20 4.25 
3.43 1.43 1. 00 5.80 
3.95 1.65 1. 01 9.84 
4.49 1. 87 1. 20 4.50 
6.06 2.52 1.43 3.44 
8.50 3.54 1.35 3.63 

10.6 4.42 1.18 3.34 
13.5 5.61 1.15 2.37 
13.5 5.61 1.14 2.45 
17.7 7.37 1. 39 2.39 
19.8 8.25 1.16 2.11 
21.6 9.00 1. 39 1. 90 
28.7 11. 9 1.25 1. 77 
33.3 13.9 1.29 1. 69 
45.7 19.0 1. 50 2.17 

where Eo is the apparent translational energy threshold 
(taken as 0.1 eV); E is the relative translational energy; 
and A, B, and C are parameters whose values are 
chosen to give the best fit to the experimental data. As 
shown by the solid lines in Fig. 3, Eq. (9) also provides 
a reasonable description of the energy dependence of the 
integral cross sections for Reactions (2) and (3). The 
best values of the parameters A, B, and C, determined 
by a least squares analysis of the data, are listed in 
Table m. We must repeat, however, that Eq. (9) has 
no theoretical significance; it simply provides a con
venient analytic functional form which summarizes the 
experimental data. 

V. DISCUSSION 

A. Reaction dynamics 

The N2D+ product was found to be strongly forward 
scattered with respect to the center of mass, indicating 
that Reaction (2) is dominated by a direct mechanism 
(i. e., an impulsive type of interaction occurring on a 

Integral 
Transmission reaction 
factor cross section 
K(O,T) uR (10-16 cm2) 

0.431 0.257 
0.455 0.190 
0.480 0.362 
0.534 0.550 
0.556 0.487 
0.592 0.651 
0.639 0.651 
0.655 0.589 
0.678 0.578 
0.695 0.663 
0.730 0.575 
0.740 0.416 
0.751 0.424 
0.777 0.291 
0.784 0.224 
0.788 0.182 
0.795 0.119 
0.803 0.115 
0.814 0.033 

0.407 0.057 
0.455 0.240 
0.493 0.388 
0.520 0.298 
0.548 0.358 
0.592 0.375 
0.648 0.370 
0.678 0.209 
0.698 0.414 
0.698 0.251 
0.719 0.155 
0.730 0.183 
0.744 0.235 
0.766 0.197 
0.773 0.084 
0.788 0.018 

time scale comparable to one rotational period) over the 
energy range studied (0.65-19 eV). 

The dependence of energy partitioning upon collision 
energy for the reaction N; (CD4, CDs) N2D+ (shown in 
Fig. 1) is very similar to that previously reported5a 

for the reaction Ar+ (CD4, CDs) ArD+. The present data, 
which are in good agreement with those reported by 
Henglein and co-workers, 7 indicate that the most prob
able reaction mechanism at low to intermediate colli
sion energies (E < 10 eV) is one in which (1) all of the re
action exorgicity appears as internal energy of the prod
ucts, and (2) product excitation increases linearly with 
collision energy at very nearly the rate predicted by the 
spectator stripping model. s 

At higher collision energies, Henglein's data and the 
present results indicate that product excitation becomes 
nearly independent of the collision energy, with E~nt 
asymptotically approaching a limiting value of about 4.7 
eV. This value is very nearly equal to the proton af
finity of Nz, thereby implying that the most probable 
process does not involve the transfer of reaction energy 
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T ABLE III. Parameters for the excitation function. a 

Reaction 

Ni (CH4, CH3) N2u+ 
N2 (CD4, CD3) N2D+ 

0.412 

0.323 

B 

0.840 

0.764 

0.186 

0.249 

"The excitation function is assumed to be given by the expres
sion (JR(E) =A (E- Eo)B e-C<E-Eo). The parameters were deter
mined by a least squares analysis of the experimental data, 
with Eo taken as 0.1 eV. 

to the internal degrees of freedom of the methyl frag
ment and that the asymptotic approach to E~nt <>' 4.7 eV 
is caused by excitation of N2 D+ to its dissociation limit.1B 
At a given collision energy, however, the products pos
sess a distribution of internal energies about the most 
probable value depicted in Fig. 1. At the higher col
lision energies, we find significant product intensity in 
regions of velocity space for which E~nt > Do (N2-D+), so 
that stable N2D+ production is possible only if the methyl 
fragment possesses considerable internal excitation. 
Indeed, Mahan and co-workersB report Q values (see 
Fig. 1) that indicates the most probable process is one 
producing appreciable excitation of the methyl fragment. 

Although the energy dependence of the energy parti
tioning is approximated by the spectator stripping 
model for E';; 10 eV, the measured values of the most 
probable product translational energy are consistently 
lower by about 0.1 eV than the values predicted by this 
model (see Fig. 2). These negative deviations, which 
have also been reported for the reaction Ar+, (CD4, 

CD3) ArD., are assumed to be indicative of an attractive 
potential between N2D+ and CDs which decelerates the 
products as they separate. 5b This attraction will pro
duce a basin in the potential energy hypersurface for the 
reaction, the existence of which is consistent with Hen
glein's suggestion 7 than an N2CH~ intermediate complex 
might be formed at very low collision energies. 

B. Excitation functions 

The excitation functions for Reactions (2) and (3) have 
three interesting features: (1) The cross sections are 
approximately 100 times smaller than the cross sections 
for the corresponding reactions with molecular hydro
gen. (2) The excitation functions for these exoergic re
actions appear to possess a translational energy thresh
old. (3) There is a large isotope effect favoring abstrac
tion of Hover D. Identical behavior has been observed 
for the reaction of Ar+ with methane. 5b 

The small cross sections for the H-atom abstraction 
reactions are presumably a result of competion from 
the very fast dissociative charge transfer reactions' that 
occur in these systems. 19 Rate constants on the order 
of 10-9 cm3/mol-sec have been measured for charge 
transfer in the Ar+ -CH4 system, 20 and somewhat larger 
values have been reported for the N;-CH4 system. 21 

The apparent translational energy threshold for the 
formation of N2H+ (or N2D+) can be interpreted as a 
threshold for the reaction via the stripping mechanism. 
As discussed above (and, in more detail, in Ref. 5), 

the reaction kinematics indicate that the potential energy 
hypersurface contains a basin from which the products 
can escape only with difficulty, particularly at the 
lowest collision energies. Although the abstraction re
action is dominated by a direct mechanism over the 
entire energy range studied, the measured product ve
locity distributions indicate that at collision energies 
less than about 0.1 eV the products do not retain suf
ficient momentum to escape the basin and to separate 
completely. The sudden decrease in N2H+ yield at low 
collision energies suggest that if an N2CH~ intermediate 
complex is formed, it decomposes either back to the 
reactants or forward via reaction channels (e. g., dis
sociative charge transfer) other than NzH+ formation. 

The large isotope effect favoring abstraction of Hover 
D, particularly at high colliSion energies, was first 
reported for these reactions by Mahan and co-workers. B 
The magnitude and the energy dependence of this iso
tope effect found in the present study agree well with this 
earlier work. The absolute values of the reaction cross 
sections reported by Mahan, however, are very nearly 
10 times larger than the values reported here. No ex
planation has been found for this discrepancy. The 
validity of the technique employed in the present study 
was tested by measuring the reaction cross sections for 
the reactions N; (D2' D) N2D+ and N; (Hz, H) NzW. Be
cause the ionic products of these reactions have labora
tory angular and velocity distributions very similar to 
those of the ionic products from Reactions (2) and (3), 
respectively, collection efficiencies should be very simi
lar. The results obtained for these standard reactions 
are in excellent agreement with the data reported by 
other laboratories (see Ref. 9), indicating that the tech
nique employed in the present study for measuring ab
solute cross sections contains no serious systematic 
error. 

C. Future work 

The measured cross sections for these reactions may 
well depend upon the internal energy possessed by the 
reactant ion at the time of collision. This internal en
ergy distribution, in turn, will depend both upon the 
ionization conditions and upon the delay time between 
ion formation and reaction. 11 It is c~nceivable, for 
example, that N2H+ is formed predominantly by the re
action of N; in an electronically excited state (e. g., 
A 2rru), and that the apparent decrease in the reaction 
cross section is due to a decreased proportion of the 
excited state in the primary ion beam as the flight time 
from ion source to collision chamber exceeds the radia
tive lifetime for that excited state. However, the fact 
that similar threshold behavior was observed for the re
action of ground state Ar+ with CH4

5b leads us to doubt 
internal excitation of the N; is the cause of the transla
tional energy threshold observed for Reactions (2) and 
(3). Nevertheless, the uncertainty with regard to the 
internal energy distribution of the reactant ions suffi
ciently complicates the interpretation of the present re
sults that is would be very desirable to repeat these 
measurements under conditions which permit the inter
nal energy of the N; to be well characterized. 
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The suggestion made here that low-energy collisions 
result in the formation of an N2CH~ complex which de
composes via various charge exchange channels implies 
the formation of CHi (and perhaps other) ions whose ve
locity vectors are symmetrically distributed about the 
center of mass. Charge exchange reactions with mo
mentum transfer of this type have been reported for the 
Ar+ -CH4 system,22 and it would be interesting to deter
mine if they also occur in the Ni-CH4 system. 

VI. SUMMARY AND CONCLUSIONS 

The reactions X + (CH4, CH3) XH" where X = Ar or N2, 
exhibit the follOwing characteristics: (1) The reactions 
are dominated by a direct mechanism over the entire 
energy range studied, 0.39-35 eV. (2) Energy parti
tioning is roughly approximated by the spectator stripping 
model, but negative deviations from this model are ob
served at the lower collision energies. (3) The excita
tion functions for these strongly exoergic reactions max
imize at about 5 eV (c. m. ) and then decrease sharply at 
lower collision energies, appearing to possess a trans
lational energy threshold at about 0.1 eV. 

We suggest that features (2) and (3) are related; that 
the potential energy hypersurface for each of these re
actions contains a basin which impedes product separa
tion and which, at the lowest collision energies, results 
in the formation of an XC~ complex which preferential
ly decomposes via reaction channels other than XH' 
formation. 
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