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CmHn™ Reactions with Atomic and Molecular Nitrogen: An Experimental Study
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The reactions of a series of @, ions (m= 1—6; n = 0—6) with atomic and molecular nitrogen have been
investigated using a selected ion flow tube (SIFT) operating at room temperature. Rate coefficients and product
distributions are reported for the reactions studied. The hydrocarbon cations examined in this work are largely
unreactive with molecular nitrogen (association is found in just three cases), whereas multiple product channels
are observed in reactions betweegHz" ions and N atoms. Fan < 3, some N atom incorporation into the
hydrocarbon ion occurs. Fan > 3, the N atom is usually incorporated into the neutral leaving group (as
HCN).

Introduction Experimental Section

Flow tube studies have proven particularly suited to the The measurements were carri_ed out at room temperature (295
+ 10) K, using the selected ion flow tube (SIFT) at the
University of Canterbury, which has been described elsewhere.
The method of production and detection of atomic nitrogen was
discussed in some detail in our earlier stddhe salient features

of the method are that molecular nitrogen is subjected to a
microwave discharge in a sidearm to the main flow tube, thereby
creating approximately 0.5% to 1% N in,NExcited species
also generated in the discharge are removed by a glass wool
plug! The absolute number density of N in, i then found

by progressively adding NO in the titration reacfion

investigation of ior-atom reactions. It is possible to utilize the
flexibility of the flow tube to overcome the joint difficulties of
atom generation and atom detection. The early investigations
of ion—N atom reactions were motivated by their relevance to
terrestrial ionospheric chemistty® Two subsequent studies
explored the possibility that ieAN atom chemistry might
provide important steps in interstellar cloud synthesis. Viggiano
et al® examined several reactions between atomic nitrogen and
simple hydrocarbon ions {1, (m = 1 or 2,n = 1-5) and
found that CN or CN is a common reaction product. Federer
et al’ examined the reactions of several slightly larger hydro- N-+NO—N,+0O Q)
carbon cations containing two, three, and four carbon atoms.
The latter group concluded that the dominant mechanism was Because of the difficulties in measuring the N atom concen-
the exchange of N for H with consequent formation of-aNC trations using this technique, we estimate the uncertainties in
bond and the concomitant rupture of a8 bond. They also the rate coefficients reported here #40% for the N atom
noted that spin conservation did not appear to be a strong reaCtiOﬂS, Compared witht15% for stable neutral reactants. As
selection rule. Recently, we examined the reactions of a seriesOnly small amounts of N in hwere produced in the microwave
of nitrile ions and ions containing O atoms with atomic nitrogen discharge, it was also necessary to characterize the reactivity
and likewise noted their apparent insensitivity to spin conserva- ©f €ach GHn" cation with No. These data are reported as well.
tion8

We report here the result of a study of a more extensive range
of CxHn" ions (M = 1-6; n = 0—6) with N atoms. This Rate coefficient and product distribution data for the reactions
investigation was partly motivated by the need to explore ©f all CnHn™ reactant species with both molecular and atomic
whether N atoms can be easily accommodated into the nitrogen are summanzeq in Tables 1 and 2, respecﬂvgly.
hydrocarbon skeleton in interstellar clouds, but also by the need CHs". The methyl cation was generated by electron impact
to examine reactions that are potentially relevant to Titan's ©" Methyl bromide. The ion undergoes a slow association
ionosphere. Titan is the largest satellite of the planet Saturn, "6action with N (probably forming an electrostatically bound
NASA presently has a mass spectrometer aboard the CassinFIUSter ion) and a moderately fast reaction with N atoms, viz.,
spacecraft which will reach Saturn in 2004. Nitrogen is the major
component of Titan’s atmosphere; hence elucidating the chem-
istry between N atoms and the various hydrocarbon ions present
in the atmosphere of this satellite is a prerequisite to correctly
interpreting the mass spectra returned by the Cassini spacecratft.

Results and Discussion

CH,"(*A) + N(*S) > HCNH' (') + H(%S) (2a)
S HON'(35) + Hy('s, ") (2b)

k=9.4x 10 Yem’s?

* E-mail: m.mcewan@chem.canterbury.ac.nz. The ion product of reaction 2a, HCNtimay also have the
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TABLE 1: Reactions of the Given Reactant lon with N

reactant branching

ion products ratio ka Kore  Keal®
CHg* CHz™N; 0.003 0.006 9.9
CoHT CoH™N3 1.0 0.029 8.5
c-GHs"  ¢c-GeHs'*N, 1.0 0.09% 6.8
h NR <0.005

aObserved rate coefficient in units of 19 cn?® s%. P Rate coef-
ficients measured in other laboratories in units of 0cm® s
¢ Langevin capture rate in units of 18 cm?® s~ 9 Pseudobimolecular
rate coefficient at 0.36 Torr He. The rate coefficient shown corresponds
toks ~ 4.3 x 1072°cnmP s~ (M = He). ¢ A termolecular rate coefficient
of ks = 5.4 x 1072°cmf s™* at 300 K was reported in refs 10 and 11.
f Pseudobimolecular rate coefficient at 0.35 Torr He. The rate coefficient
shown corresponds tds ~ 2.6 x 10728 cnf s (M = He).
9 Pseudobimolecular rate coefficient at 0-:3236 Torr He. The rate
coefficient shown corresponds ke~ 8.0 x 10728 cmf s (M = He).
" No reaction k < 5 x 1073 cmf s71) was observed for 1,7, C;H3™,
C2H4+, C2H5+, C3+, C3H+, C:;H2+, aC-CaH3+, C-C3H3+, C3H5+, C4H2+,
C4H3+, C5H2+, CeH3+, aC-QH5+, and C-QH6+.

H,NC™ structure, as the reaction leading to theNIE™ product

ion is exothermic by~239 kJ mot™. Similarly, in reaction 2b,
the ion product designated HGNould also be HNE, as the
reaction leading to its formation is exothermic by 160 kJThol
Our observed rate coefficient for reaction 2 is within the
experimental uncertainty of two previous measurements of this
reaction’'3 Neither of the earlier studies reported a product
distribution, although the product ions we observed were

recorded. Spin is not conserved in either product channel. The

question of why many iohatom reactions do not appear to
conserve spin has been discussed previously by Fergifson
and other worker§.

C,H*. The GH' ion was formed by electron impact on a
10% mixture of GH; in helium and is found to undergo slow
association with )l The GH*/N reaction was not examined
in this study and has been reported elsewfére.

C,H,", being also formed by electron impact onH3, is
unreactive with N but exhibits a moderately fast reaction with
N atoms.

CH, () + N(*S) > HCCN'(%A) + H(S) (3a)
2 HCNH'(’s,) + C(P) (3b)
SR CNTED) + Hy's,) (3c)
2% CH'(%S) + HCNEEY) (3d)

k=24x10Pcm’s?

Our measured value for the rate coefficient is in excellent
agreement with the two earlier measurements of this reaction
(k = 25 x 10710 cm?® s71).67 The major product channel
reported in all studies is the spin-allowed pathway resulting in
H, N exchange [reaction 3a]. Federer ef abted that the rate
coefficient for this channel df = 1.4 x 1071%cm® st is less
than the Langevin capture rate, multiplied by the statistical
weight of the spin allowed triplet pathway (i.d,< (3/8)(0.6

k.)). Channel 3b, the second most important channel, is also
spin allowed but was not reported in the two earlier studies.

This reaction pathway requires substantial rearrangement within

the collision complex.

C,Hs*. This ion was produced by collisional dissociation of
C.Hs™ (generated by electron impact onHGBr) during the
injection process. A slow reaction with N atoms is found, viz.,

Scott et al.
CH5 (*A) + N('S) > HCN'(A) + H,('5,h)  (4a)
L H,CN(A) + HES) (4b)

k=22x10 2em’s?

The rate coefficient observed is 1 order of magnitude smaller
than that reported by Federer et &= 2.2 x 10°1°cm®s™1),7
who also apparently did not observe the minor channel (4b). In
their study they produced 83" by electron impact on £,
but it seems unlikely that the different precursor used is
responsible for this inconsistency. We discuss this discrepancy
further in comments pertaining to thekz™ cation. The reaction
appears to violate spin conservation.

C,H4*. This ion was made by electron impact on ethylene
and undergoes a moderately fast reaction with N atoms, i.e.:

C,H, (PA) + N(*S)— CH,CNH'(°B,) + H(*S)  (5)

k=3.0x 10 ¥cm’s?

Spin is conserved in the reaction, and we note that the rate
coefficientk ~ (3/8)k., which is the Langevin collision rate
multiplied by the statistical weight of the spin-allowed<HN
pathway.

C,Hs™ was made by electron impact onpHGBr and does
not exhibit any reaction with Nor N.

C3Hn™. The ions G, CsH', CsH,™ and GHs™ were all
generated from propyne, HECCH;, by electron impact.

C3* is unreactive with Nyet undergoes an unusual but rapid
reaction with N atoms, viz.,

C;"(*B,) + N(*s)—~ CN* (%) (6)

k=23x10¥cm’s?

Spin is conserved in the reaction and the observed rate
coefficient is close to the Langevin capture rate multiplied by
the statistical weight of the spin-allowed triplet pathway (i.e.,
(3/8).). The unusual feature of thesGN reaction is the very
fast association channel, which is presumably termolecular, at
flow tube conditions of 0.35 Torr helium. Generally, ioatom
association is uncommon due to the large amount of energy
required to be accommodated among the various modes of the
complex but it can occur even for reactant ions containing as
few as 4-5 atoms, providing there is a stable association product
ion. This association product is generally a covalently bound
ion. In the present case, the rapid association observed is
presumably a consequence of the deep well in thdl™C
potential energy surface corresponding to either CCQX
CNCCt. Assuming the N atom attacks the terminus of th& C
cation, the resultant CCCNoroduct ion lies 638 kJ mot below
the GT + N entrance channel enerdy.Alternatively, the
association product is conceivably gM\C’, as this species is
quite stable, lying 542 kJ mol below the reactant entrance
channelt®

CsH™. Like C3™, C3H™ is unreactive with N but undergoes
a relatively fast reaction with N atoms, i.e.

CHY(Z) + N('S) = CN' () + HES)  (7a)
22 HC,NT ) (7b)

k=27x10Yem®s™?
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TABLE 2: Reactions of the Given Reactant lon with N

reactant ion products branching ratio a k Kpre Keon® —AH°/(kJ mol1)d

CHs* HCNH* +H 0.65 0.94 0.67 9.1 401

HCN* + H, 0.35 118

CoHy" HCN* +H 0.60 52

HCNH' +C 0.25 139
24 2.5 8.1

C,N* + H, 0.10 8%

CH* + HCN 0.05 43

CoH3* HCCN' + H; >0.90 54
0.22 2.2 8.1

H,CCN* +H <0.10 154

CoHg"™ CH,CNH" +H 1.0 3.0 8.0 317
CoHs"™ NR <0.23 8.0

Cs* CsN* 1.0 2.3 7.7 54%

CsH ™ CsN*t+H 0.9 594
2.7 7.7

HC3N™* 0.1 383

CsHy" C,H," + CN 0.85 9O
0.44 7.7

HCNH' + C, 0.15 6

ac-GHs* HC3N™ + H, 1.0 0.58 1.3 7.6 180
c-GHs"™ NR <0.25 7.6
CsHs"™ NR <0.25 1.28 7.6

CyH,* CsH" + HCN 0.90 166
CsHN* +H 0.05 1.9 7.4

HCNH*' + C3 0.05 113
CsHz"™ NR <0.25 7.4
CeHo" CsH* + HCN 1.0 1.9 7.1

c-GsHs™ CsHs™ + HCN 1.0 0.37 7.1 147
ac-GHs*" NR <0.5 7.1

CeHe,+ C5H5Jr + HCN >0.95 259
1.4 7.1

CsHs"™ + CgHsN <0.05 189

2 Observed rate coefficient in units of 10 cm?® s%. P Rate coefficients determined in other laboratories in units of%ém® s, ¢ Langevin
capture rate in units of I8 cm?® s~%. 9 The listed thermochemistry is from ref 12See refs 7 and 13 See refs 6 and 2. Thermochemistry is for
the CCN structure. See ref 7! Thermochemistry is for the CNH™ structure) The rate coefficient shown is for flow tube pressures between
0.36 Torr and 0.5 Torr. The termolecular rate coefficient for this association pathway is estimkied 29 x 10726 cmf s™*. K Thermochemistry
is for the c-GNT structure.! Pseudobimolecular rate coefficient. The rate coefficient correspondis t0 2.4 x 10727 cmf s (M = He).
™ Thermochemistry is for the HECCH' reactant ion" See ref 7° Thermochemistry assuming the structurgCHC=C=C=CH,*. P Thermo-
chemistry assumes the cyclopentadienyl cation structurbermochemistry assumes the cyclopropenyl cation structure and acrylonitrile.

The major channel is the more exothermic bimolecular via simple C atom transfer from the reactant cation, whereas
channel that occurs as the result of H and N interchange. Thethe HCNH" + C; channel requires substantial rearrangement
10% association channel is similar to thg*C+ N adduct within the complex.
formation process in that the association reaction in 0.35 Torr  C3H3™. Like C3Hy™, CsHs™ can be present as cyclic or acyclic
of helium is probably termolecular, corresponding to a rate isomers. To distinguish between them, one of the isomers,
coefficientks ~ 2.4 x 10727 cmf s (M = He). Again the c-CsHst, was formed via the reaction o84+ with CoH,, viz.,
stability of the HGN™ complex may be attributed to the deep
potential well encountered by the interacting species as they C2H4+ + C,H,— C-C3H3+ + CH, 9
proceed along the reaction coordinate. Assuming the adduct has
the HGN™ structure, this well has a depth of 594 kJ ol There is only sufficient energy available in reaction 9 to form

CsH". As this ion was produced from propyne by electron the cyclic isomer, which is unreactive with both N atoms and
impact, a mixture of linear and cyclic isomers oftG* are N.. Electron impact on propyne forms a mixture of the two
likely to be formed® From our previous studies we know that isomers in the ratio~60% c-GHs", ~40% ac-GHst as
the linear isomer is present in a greater amount. No evidencedetermined by examining the subsequent reactivity of the (c,
was found for any difference in reactivity with N atoms between ac) GHs* mixture with GH».27 We found ac-GHs* reacts
the isomeric structures, and the thermochemistry in Table 2 is slowly with N atoms, viz.,
evaluated on the basis thattG* is the linear isomer. A slow
reaction with N atoms is observed, yielding two product ac-CH; (*A) + N(*S)— HC,N*(?11) + H2(129+ ) (10)
channels, viz.,

k=5.8x 10 "cm’s™*
+2p0 4oy 085 +72 25+t
CsHy (PAY) - N(S) = GoH, () + CN(Z) (8a) These data differ from the earlier observation of Federer ét al.,
who reported a larger rate coefficierk £ 1.3 x 10710 cm?
(8b) s71) and a different reaction product (HEH* + H). The value
for k reported in the earlier study lies just outside the margin of
k=4.4x 10" cm’s™ error of the two experiments. It is not clear why these differences
exist for the two reactions 4 and 10, when good agreement is
The major channel, (8a), is the more exothermic and is accessedound in other reactions common to both investigations. In each

22 HONH'(*s,) + C,(IT,)
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of the reactions 4 and 10, the precursor gases used to generataith N, and GH».2122 About 70% are in the cyclic form with
the ion were different but it is unlikely that this should prove the remaining 30% being acyclic. The semilogarithmic decay
to be significant. Perhaps more influential is that the earlier of total GHs™ ion counts versus Nlow was fitted to a double
studies were carried out at energies estimated around 0.12 eVexponential decay. From this decay, agHg" is found to be

in a combined flow drift tubé,whereas the data in the present unreactive with N, whereas c-gHs" engages in a slow reaction
study were gathered at room temperature. We also note thatgiving the adduct, Hs:N,", as the sole product. The pseudobi-
recent calculations of the potential energy surface fogtdsC molecular rate coefficient corresponds to a termolecular rate
+ N do not show a pathway to products frof$] N atoms but coefficientks ~ 8.0 x 10728 cmf s71 (M = He), viz.,

do for @D) N atoms!8

CsHst ions were generated from secondary reactions fol- c-C6H5+ +N,— c-C6H5-N2+ (13)
lowing electron impact on ethylene in a high-pressure ion source.
The GHs™ ions generated under these conditions are thought k=9.1x 10 2cm’s 'at 0.35 Torr He
to exist as the allyl cation structutg No reaction is observed
with either N or N atoms k < 2.5 x 1071 cm?® s71), but the Similar behavior was also found for the reactions of the (c,
results for N are in conflict with the one earlier measurement ac)-GHs' ions with atomic nitrogen in that only cg8s"
reported. Federer et &hoted two product channelsi@s™ + participates in a reaction forming a single product ion, viz.,
HCN and HC3N™ + H,, having a combined rate coefficiekt
= 1.25 x 1071 cn® s L. The situation is analogous to the c-CeHs "(*A) + N(*S)— CH," + HCN('Z")  (14)
difference in results between this work and Federer ét al.
already noted for gHs™ and GHs*. In all three examples the k=37x 10 *ecm’s?

thermal energy rate coefficients we report are smaller than the
rate coefficients they report &0.12 eV in their flow drift tube. At least three stable isomers oft€,* have been identifiet?
However, as we have noted earlier, the results for other N atomand all three are energetically accessible in reaction 14.

reactions common to both studies (e.g.,sCHC;H2") give good CeHe" ions were generated by electron impact on benzene
agreement. One other possibility that should perhaps bevapor. These gHg" ions are found to behave as a single
considered in the presentidst case is the different Eis™ isomeric form, c-GHes™. Although they are unreactive with,N

precursor molecules that were employed in the two studies, viz.,a moderately fast reaction was found with atomic nitrogen,
C,H4 in this work and GH;Br in the Federer et al. investigation.  which proceeded via two pathways, viz.,

We have noted that the allyl:8s" cation is obtained from

C,H4, whereas it may be possible to generate the 2-propenyl C'CeHe+ (ZElg) +N (48)0;9% CsH5+ (SA'Z) + HCN (&=

structure from GH-Br. Having said that, in most reactions we (15a)

have not, however, found much difference in reactivity between

the allyl GHs™ ion and the 2-propenyl 5™ ion.20 00 c3|-|3+ (A) + CHZCHCN(lA')
C4H2%, C4H3'. Both of these ions were generated from (15b)

acetylene by electron impact in a high-pressure ion source.
Neither ion is reactive with pfland only GH,"™ undergoes a
reaction with N atoms, viz.,

k=14x 10 Pem’s™?

Several isomers of 415 are accessible on energetic grounds,

0.90 including the cyclopentadienyl cation, BECCHCH=CH,* and
CH, (T1y) + N(*S)—— CH'('Sy) + HCN(Z")  (11a) the vinylcyclopropenyl cation.

2% HCNH'('S) + Cy('5,") Conclusions
(11b) . . . . S
The reaction chemistry investigated in this work and sum-
205 HNT + H(®S) (11c) marized in Table 1 for molecular nitrogen and Table 2 for atomic
* nitrogen exemplifies @Hn™ ion chemistry in nitrogen. Molec-
k=19x%x 10 ®Ycms? ular nitrogen is relatively unreactive to.f," ions because of

the strong NEN bond. Reactions with Nare therefore rare and
The major channel (11a) is possibly the result of end attack by when they are seen, they tend to occur via an association
N followed by fragmentation. Spin is not conserved in reactions mechanism with a weak bond formed between the ion and N
11a and 11b. The spin state foyHIN™ is not known but is These bonds are probably electrostatic in nature. That the bonds
likely to be a doublet, making reaction 11c spin allowed. are weak is strongly indicated by the low termolecular associa-
CeH™ ions were generated from acetylene by electron impact tion rate coefficients found.
in a high-pressure ion source. This ion is unreactive with N In contrast, GH,™ reactions with atomic nitrogen are
but undergoes a moderately fast reaction with N atoms via acommon with many exhibiting a multiplicity of reaction
single channel, viz., channels. The question of interest here is what happens to the
N atom? Is it incorporated into the8," ion or into the neutral
CeH 2+(2Hu) +N(*s)— C5H+(12+) + HCN(=Y) (12) fragment? A common reaction pathway for many hydrocarbon
ions examined in this study involves the N atom becoming part
k=19x 10 Pcm’s? of the neutral fragment leaving the {8,"-N)* complex,
predominantly in the form of HCN. There are, however, a
This reaction does not conserve spin, and the observed producsignificant number of reactions of smaller hydrocarbon ians (
channel appears to be the most favored on energetic grounds= 3) where the N atom is incorporated into the carbon skeleton
CeHst ions were prepared by electron impact on bromoben- of the ion itself, thereby converting the ion into a nitrile ion. In
zene. The @Hs' ions generated in this way are a mixture of almost all cases, fH," ions havingm > 3 yielded GyHy ™ ion
cyclic and acyclic isomers, based on their subsequent reactiongproducts (M < m, n" < n) and HCN.
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One of the most interesting results obtained was the reaction  (5) Fehsenfeld, F. C.; Dunkin, D. B.; Ferguson, E.Ftanet. Space

T ; - ; Sci. 1970 18, 1267.
of C3™ and N, where a rapid association reaction was observed, (6) Viggiano, A. A.: Howorka, F.: Albritton, D. L.: Fehsenfeld, F. C.:

giving an extremely efficient mechanism for making\NZ. The Adams, N. G.; Smith, DAstrophys. J198Q 236, 492.

fast termolecular rate coefficient & ~ 2 x 10726 cmf s 1is (7) Federer, W.; Villinger, H.; Lindinger, W.; Ferguson, E.Ehem.

indicative of the formation of a strongs€—N covalent bond. Phy(sé)Lgtt.ltstasg 1é3|12|.: v DL AL C 6o MeE )
P . . . cott, G. b. I.; Falrley, D. A.; Freeman, C. G.; McEwan, RN

It is interesting to sp(_aculate whether such reactions mlght be Anicich, V. G.J. Chem. Phys199§ 109, 9010.

common for larger §" ions. Presumably, such a reaction might (9) McEwan, M. J. InAdvances in Gas-Phase lon ChemistAdams,

occur for G but not for G* in view of the lower stability of N. G., Babcock, L. M., Eds.; J. A. |. Press: Greenwich, CT, 1992; Vol. 1,
1

+j + -
the GN™ ion compared to €N™. L (10) Smith, D.; Adams, N. GChem. Phys. Lett1978 54, 535.
Finally, we acknowledge the characteristics observed by  (11) adams, N. G.; Smith, DChem. Phys. Lett1981, 79, 563.

previous investigators of ieAN atom reactions,in that spin (12) Webbook Mallard, W. G., Gen Ed.; NIST: Gaithersburg, MD,
constraints are relatively unimportant in controlling the reaction 1998.
rate (13) Fehsenfeld, F. CAstrophys. J1976 209, 638.

(14) Ferguson, E. EChem. Phys. Lett1983 99, 89.
. ) (15) Harland, P. W.; Maclagan, R. G. A. B. Chem. Soc., Faraday
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