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Abstract

The proton affinity (PA) of cyanogen (8l,) was redetermined through selected ion flow tube (SIFT) measurement of the
rate coefficients of the reaction,85 + C,N, = C,N,H* + C,H, in both directions. The observedz°,,,= —6.1 kJ mol'*
and derivedAH® = —10.6 kJ mol'*, and previous equilibrium results with G8I, give PA(CN,) = 651.2+ 2 kJ mol ™.
The results are consistent with the recently revised PA@H= 647.3 kJ mal?, and in good agreement with recent
high-level theoretical values of PA(S.) = 655—-657 kJ mol*. We also observed that SB™ transfers a proton to {l,, as
well as to GH,, and that in the reverse direction, the new reactighl T+ SO, — CH,SOH" + CO occurs but no proton
transfer, indicating that PA(SP < 641.1 kJ mot*. The methylated species,8,CH; does not transfer a methyl cation to
HCN, CH,CN, (CH;),CO and (CH);N. However, association is observed in these systems and in the reactiops bf C
with C,H, and SQ. These processes can contribute to the astrochemical synthesis of complex heteroatom containing organic
In particular, we observe the apparently covaleghNgH™ - C,H, adduct, an isomer of deprotonated 1,4-diazine, which
suggests that similar reactions of othesNg containing ions and acetylenes can yield pyrimidine nucleic bases by simple
ion-molecule processes. (Int J Mass Spectrom 179/180 (1998) 285-291) © 1998 Elsevier Science B.V.
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1. Introduction [4] and proton transfer reactions applied for proton
affinity measurements [2—4].
The current tabulated proton affinity of,iS, is
4.7 kJ mol* [9], based on published bracketing
and equilibrium measurements [2—4]. However, re-
cent theoretical calculations by Botschwina and Se-
bald using CEPA-1 calculations yielded PA[G) =
657 = 5 kJ mol ! [10], and G2, G2Q, CNS-Q and

* Corresponding author. E-mail: m.mautner@chem.canterbury. CBS-APNO calculations by Petrie yielded
aclg]efdicated to Professor Fulvio Cacace in recognition of his PA(CN;) = 655 kJ mor * [11]. Petrie p0|r_1ted out

that these values and new PA determinations of one

outstanding contributions for many decades to gas-phase ion e
chemistry and physics. of the reference compounds, GEl [12], indicate

The proton affinity and ion chemistry of cyanogen
were subject to several investigations, motivated by 67
the roles of cyanides in astrochemistry [1—-8]. Previ-
ous studies of cyanogen (NCCN, denoted hereafter as
C,N,) ion chemistry concern the reactions ofNG

1387-3806/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved
Pll S1387-3806(98)14067-8



286

D.B. Milligan et al./International Journal of Mass Spectrometry 179/180 (1998) 285-291

inconsistencies in several reported proton transfer constitute low-energy alternatives to direct alkylation

reactions.

The literature measurements included proton trans-

fer equilibrium with CH,CI and apparent equilibrium
with C,H, [4]. These results appeared consistent
because the PAs of Gl and GH, were believed to
be similar. However, the proton affinity of GBI has

reactions of the type studied both by the JPL/McEwan
[14,15] and the Cacace groups [16—-18], and would be
similar to methyl cation transfer from GOH, to
H,CO and CHOH [19,20]. On the other hand,
CH,NCCN* may be strongly covalently bonded and
may not transfer methyl cations. In this case, this ion,

been revised recently [12] and the new tabulated value as well as the protonated analogd€CNH*, may be

is 647.3 kJ mol* [9]. The published equilibrium
reactions of CHCI with C,N,, [4], combined with our
new results below, lead to PA{N,) of 651.2+ 2 kJ
mol~ %, a value that is also supported by new high
level theoretical calculations [10,11]. This value is
substantially lower than PA(E,) = 680.5 kJ mol*

[9], and the reported proton transfer reaction from
C,H:s to GN, [4] is then endothermic by 29.3 kJ
mol~*. An endothermicity of this magnitude leads to
a rate coefficient of abo,yyisione€XP(—AH/RT) =

6.9 x 10 **cm®s ! which is too slow to be observed
by the ion cyclotron resonance (ICR) and SIFT
techniques. In fact, there are two conflicting reports
on this reaction. An ICR measurement showed no
reaction [3], which would be consistent with the
endothermicity. However, a SIFT report showed slow
but observable proton transfer with= 8.4 x 10~ 1%
cm® s 1 [4], which is much faster than predicted from
a revised low PA(GN,).

Further inconsistencies in the literature pointed out
by Petrie [11] are the previous SIFT report of proton
transfer from GHg* to CH,Cl [4], which is incom-
patible with the new low PA of CECI. In addition, fast
proton transfer from SEH™ to C,N, was reported [2],
which would be inconsistent with the recent tabulated
value of PA(SQ) = 672.3 kJ mol* [9], if this value
and the low PA(GN,) are both correct. The present
article aims to resolve these inconsistencies.

In addition to GN, * and GN,H ", another ionized
form of C,N,, the methylated species GNICCN" is
likely to be found in space environments. In fact, this
ion can form readily through the association of the
common interstellar ion CH with C,N, [4,13]. In
turn, CH,LNCCN* may methylate many organic mol-
ecules that have a higher PA thanNg, and are

available for nucleophilic condensation with unsaturated
compounds leading to complex molecules. We shall
examine the association reactions of NCCNHnd
CH;NCCN" in these respects.

2. Experimental

The measurements reported here were performed
at room temperature (29% 10) K using the new
flowing afterglow—selected ion flow drift tube (FA/
SIFDT) apparatus at Canterbury University. The original
version of the selected ion flow tube (SIFT) at the
University of Canterbury has been described in detall
elsewhere [21]. This instrument has been modified
recently with the addition of a drift tube and flowing
afterglow ion source. This new source is similar in
design to that used by Van Doren et al. [22]. Further
details of the modified instrument will be described
elsewhere [23]. The protonated ions (e.g,HE,
C,N,H" and CH CIH™), along with other ions were
formed in the flowing afterglow flow tube and injected
into the upstream mass spectrometer section where they
were mass selected before injection into the flow reactor
section of the instrument. When a protonated ion was
studied, a moveable electron impact ioniser in conjunc-
tion with a moveable gas inlet was used. The electron
impact source generated the iory Hrom hydrogen
added through the movable inlet in a Helium carrier gas.
The H;" then transferred its proton to the reactant gas
requiring protonation. When the methyl cation transfer
reactions were studied, we usually reverted to a micro-
wave discharge source and methylated the ion of interest
before injection. In many cases, ions produced from
CH,Br were used as the methylating reactants.

We estimate that the rate coefficients measured in

therefore also expected to have a higher methyl cation the present work are accurate t0l5% and the

affinity (MCA) than CN,. These reactions would

branching ratios ta-10%. The reactant species (with
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Table 1
Proton transfer kinetics and thermochemistry
Reactants Products Branching ratit, ka; k3, AGy ¢ AHOPY  PA(C,N,)"®
Reactions involving gN, and GN,H™"
CHZ + CN, CN,H™ + C,H, 0.75 1.1 083 16 -6.1 -10.6 651.7
Adduct 0.25
C,N,H" + CH, C,Hy + C,N, 0.15 0.48 0.072 1.1
Adduct 0.85
CH,CIH* + C,N, C,N,H* + CHLCI 1.0 0.2¢ 020 1.0 -0.6 -3.3 650.6
C,N,H" + CHLCI CH,CIH" + C,N, 1.0 0.16 016 2.1
SOH" + CN, CN,H* + SO, 1.0 120 120 1.0
CN,H" + SO, Adduct 1.0 0.030 1.7
C,Ha C,N, Adduct 1.0 0.31 15
CN,H* + C,H, CHe + CN, 1.0 088 088 1.1
CH,OH; + C,N, Adduct 1.0 0.023 15
HNCCN" - C,H, + H,0O 1.0 NR 2.3
HNCCN" + C,H, + C.Hg NR 1.1
Reactions of reference bases
C,H3 + CHLCI CH,CIH" + C,H, 0.75 1.1 083 25
Adduct 0.15
C,HZ + HCI 0.10
C,HZ + CHLCI Adduct 1.0 0.16 2.4
C,HI + SO, CH,SOH' + CO 1.0 1.2 2.0 -193
SQH* + C,H, C,H: + SO, 1.0 0.96 096 1.2
C,HZ + SO, Adduct 1.0 0.0088 2.0
SOH" + C,H, C,Hi + SO, 0.4 1.1 044 12
CH,SOH" + CO 0.6 1.2

3A|l rate coefficients k) are in units of 10° cm® s~ measured at a temperature of 300 K and a helium buffer gas pressure of 0.48 Torr.
kops iS the observed total rate coefficient. The absolute uncertainty of the reported rate coefficients is estiméltBtas. is the rate
coefficient for proton transfer onlk., is the calculated collision rate coefficient according to the trajectory theory [26].

PAG300 AHC and PA are in kJ mol*.

CAGO = kPT (forward!kPT (reverse).

9AHO obtained fromAG® + TASP. The enthalpy change is calculated frax® = AG® + TAS®, whereTASC is obtained from the
difference between PA(B¥ —AH° (B + H") — BH") and GB= —AG%B + H*) — BH™ for B = C3H,, CH,Cl and GH, [9], which
givesAS, o0 (CoH, + HT —CoH ") = —8.1 3 mol* K, ASy (CHLCl + HT — CH,CIHY) = —8.7 I mol* K and AS}o0 (CN, + H
—C,N,H') = —9.6 I mol ' K 2.

®PA(C,N,) as obtained from the present results, using PA = 641.1 kJ mol* and PA(CHCI) = 647.3 kJ mol* [9].

Rate coefficient for proton transfer from ICR results [3] 410~ ° cm® s™%.

9[4], ICR results.

N4]. We obtained 0.20< 10 ° cm® s~ in the present measurements gNGH* + CH,Cl, and also observed adduct formation wkth=
0.02x 10 %cm’s ™

27,28].

the exception of cyanogen) were all obtained from results and considering the uncertainties in the mea-

commercial sources and purified by repeated freeze—surements and in the PAs of the reference compounds,

pump-thaw cycles. Cyanogen was prepared accord-PA(C,N,) can be assigned to 6512 2 kJ mol *.

ing to the method of Janz [24]. This result is in good agreement with the theoretical

values of 657 and 655 kJ mdl [10,11]. As the

PA(CN,) values derived from the equilibrium with

C,H, and with CH,CI are in excellent agreement, the

cycle of these reactions ties GEl to CH, and
The rate coefficients of proton transfer reactions supports the revised value of PA(QEI) [9,12].

are summarized in Table 1. Based on the present We rechecked, in our new FA/SIFDT apparatus,

3. Results and discussion

3.1. Proton transfer reactions
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(1)

Scheme 1.

the two reported slow reactions upon which the

We also checked a further reaction that seems to be

anomalous results are based. The reactions that argn conflict with the present results and the tabulated

inconsistent with the new PA values, namely, the
apparent slow proton transfer reactions frogHg to
C,N, and CH,CI were found not to occur in the new

PA data [9]: proton transfer between $O and
C,N,. We confirm that proton transfer from SB@" to
C,N, is fast [2], and in the reverse direction,\GH "

measurements. The apparent proton transfer reporteddoes not protonate SO This result shows that

in the earlier measurements were based on ti:C

+ C,N, and GHZ + CH,CI systems by attributing
the very small signals observed of,MH" and
CH,CIH™ ions to products of the reactions of the
C,Hs ion. The small concentrations of these proto-

nated ions in the earlier measurements is evidenced by

the apparent low rate coefficients of 0.084 10 °
and 0.063x 10 ° cm® s~ %, respectively, reported for

proton transfer. With the new more sensitive instru-

ment, small concentrations of these products are still
observed, but they are completely accounted for by

reactions of trace amounts of theHG; breakup ion
formed in the injection of gHZ. Similarly, breakup
ions were almost certainly the source of the proto-

PA(SQO,) < PA(CN,) = 651.2 kJ mol*. To further
check PA(SQ), we examined its reactions with,B..
Table 1 shows that S®I* transfers a proton effi-
ciently to GH,, and in the reverse direction, proton
transfer from GH3 to SO, does not occur. These
results show that PA(SY < PA(C,H,) = 641.1 kJ
mol~! [9]. The observations are consistent with pre-
vious results [2], but they show that the currently
tabulated value for PA(SQas 672.3 kJ mal* should
be lowered substantially to match theoretical calcula-
tions by Fairley et al. that gave PA(S0O= 627 kJ
mol~* for trans OSOH at 0 K [25].

While no proton transfer was observed fronHg
to SO,, we observed the formation of CHOH" +
CO, which is exothermic by 193 kJ mdl [using

nated species in the previous study [4]. We note also AH®(CH,SOH") = 736 kJ mol] [27,28]. A possible

that the overall rate coefficients measured in the

mechanism in reaction (1) proceeds through cycload-

previous and present studies are in fair agreement. Fordition, complex formation, and intracomplex proton

the reaction of GHZ with C,N,, the overall rate
coefficient is 0.31x 10 ° in the present measure-
ments and 0.2 10" ° cm® s * previously [4], and
with CH,CI, 0.16 X 10"° in the present measure-
ments and 0.07% 10 ° cm® s previously [4]. The
mass selection and injection capabilities of the new
FA/SIFDT system are substantially improved over the
earlier SIFT system in which the experiments were
first done [4]. In the new instrument the problem of
injecting small amounts of ions adjacent in mass to
the ion of interest is entirely eliminated. Conse-
quently, the assignment of product ion identities has
become a much simpler process.

transfer.

This mechanism produces the stable SBH"
isomer [27,28]. While this complex reaction occurs
near collision efficiency, proton transfer is not
observed, suggesting that proton transfer would be
endothermic. Interestingly, we observe a SSBH"
product also in the reverse reaction 50 + C,H,,
possibly through intra-complex proton transfer followed
by dissociation to yield gH;, in competition with the
complex mediated highly exothermic reaction in
Scheme 1. Reactions similar to (1) may of course occur
also between SQand other hydrocarbon ions, and they
would warrant further studies because they may be
significant in planetary atmospheres.
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Table 2

Reactants of CENCCN" with bases BA and further association reactions

Reactants Products s Keo ™2 PA(B)°

CH;NCCN" + C,H, NR 0.99 641.1
+ HCN CH;NCCNNCH" 0.0062 3.2 712.9
+ (CH,),0 CH;NCCNO(CH;)3 0.02% 1.6 792.0
+ CHLCN CH;NCCNNCCH; 0.27 3.6 779.2
+ (CH,),CO CH,;NCCNOC(CH)Z 0.40 2.6 812.0
+ (CHy)sN CH3NCCNN(CH;)3 1.2 1.3 948.9

CHZOH; + CN, CHZ0H; - CN, 0.08 15

CHZBrCH; + C,N, NR 11

(CH5);0" + CHLCN (CHy);0" - CH,CN 0.012 3.7

(CH5)3 0 + (CHg),CO (CH,)30" - (CH5),CO 0.016 2.7

aAll rate coefficients in units of 10° cm® s™*. See footnote a, Table 1.

®In kJ mol™* [9].

¢ A possible methyl cation transfer product (950" of <10, probably from reactions of breakup ions is observed.

9L ow ion signals of CHCNCH; and (CH,),COCH; products, respectively1% of 31 are observed, correspondingkmethyl cation
transfer)<10 2 cm® s, or from breakup ions.

3.2. Tests of methyl cation transfer reactions observed in any reaction. One possible exception is
(CH5),0 in which a small (CH);0" signal was
Several of the reactions in Table 1 show associa- present because of the reaction (EOH" +
tion channels. If the products are covalent adducts, (CH;),0 — (CH;);0" + CHZOH [20], from the
these reactions may provide mechanisms for inter- (CH;),OH" ion present in the flow tube because of
stellar and planetary synthesis of molecular con- stray photoionization of the reactant (QkD. We
taining multipleheteroatoms, and if cyclised, complex attribute all the observed (GH$O" ions to this
heterocyclics. reaction and not methyl cation transfer from
One of the adducts in Table 1 is the specigBlC CH,NCCN*. No transfer reaction is observed to
C,Hz, probably the alkylated ion C}CH,NCCN". (CHy)3N, although this compound has a high MCA of
Similarly, we previously observed the formation of 528 kJ mol* [30].
CH,NCCN" in the association of CH + C,N, For comparison, we checked methyl cation transfer
[5,13]. These species may serve as alkylating agentsfrom (CHy);O", the methylated ion of CKDCH; (a
by alkyl cation transfer to lone pair donor bases. In base with a relatively high MCA of 390 kJ mdf)
fact, according to the general correlation between PAs [22]. Similar to CHNCCN™, this ion showed no
and MCAs [29], the low PA(GN,) suggests that it  transfer reactions to bases that have comparable or
may also have a low MCA and therefore QdCCN™ higher MCA such as CECN [30] and CHCOCH,;,
may be an efficient alkylating agent. On the other hand, with k (methyl cation transferxx10 *3s * at 298 K.
CH;NCCN" may be strongly covalently bonded, having However, it transfers a methyl cation near the collision
a bond strength similar to the bond strength in the rate at 300 K to (CE)3N [29], and is therefore more
analogous covalent ion GNCH™. In this case, rather  reactive than CENCCN", which does not.

than transferring methyl cations, GNCCN" may form The lack of methyl cation transfer from
covalent adducts with lone pair donor bases, contribut- CH;NCCN™ suggests that £, may have a high
ing to astrochemical synthesis of larger molecules. MCA, and therefore alkylating cations would be

To examine these possibilities, we investigated the expected to transfer methyl cations to it. To test this,
reactions of CHNCCN" with several bases. As we tried to observe reactions of (GEBr" and
observed in Table 2, all the reactions yield the CH,OH, with C,N,, because CKDH, can transfer a
respective adducts and no methyl cation transfer is methyl cation to compounds with relatively low PAs
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and MCAs such as $€0O and CHOH [20]. However,
no methyl cation transfer tof8l, was observed. The
lack of reactivity in either direction suggests that
methyl cation transfer both to and from,IT, may
have a high energy barrier.

from a weakly bonded cluster ion. Alternatively, the
weak ligand GH, would be expected to switch with
H,0, and further switching reactions would lead to
(H,0),H™ cluster ions.

It is therefore likely that the adducts ions
CH;NCCN**HCN and HNCCN-C,H, are co-
valently bonded ions, and consequently, the other
adducts are the covalent ions suggested in Table 2.
The products are examples of the synthesis of com-

Although CH,NCCN" shows no reactivity plex organic species with unsaturated chains that
through methyl cation transfer, it associates with lone include multiple heteroatoms. Through ion-molecule
pair donor bases, as observed in Table 2. An interest- chemistry, GN, therefore constitutes a facile starting
ing trend in these reactions is that the rate coefficients compound for complex organic synthesis in astro-

3.3. Association reactions

for association correlate with the PAs of the bases. It
is likely that PA(B) is correlated with the
CH,NCCN*-B bond strengths. The reaction com-
plexes formed in the additions would be in a deeper
well with increasing PA(B). This can lead to decreas-
ing back-dissociation to reactants according to the
Rice—Ramsperger—Kassell-Marcus (RRKM) theory,
and would account for the observed trend.

Association products (those in Table 2 are exam-
ples) may exist as noncovalent cluster ions in which
the two entities retain much of their identity, hydro-
gen-bonded complexes, or linear or cyclic covalent
condensation products. If the adducts were 'GHK
type cluster ions they might be expected to have
bond strengths less thar60 kJ mol* without
significant correlation of the bond strengths and
association rates to PA(B)—contrary to the strong
correlation in Table 2. Evidence that most of the
adduct ions in Table 2 are strongly bonded also
comes from their behaviour under a potential gra-
dient in the drift tube. When a drift field of 250 V
was applied at 0.48 Torr (10.5 V cm Torr 1) no
fragmentation of the association ions HNCCN
C,H, and CH,NCCN" - HCN was apparent. Weakly
bonded cluster ions will often break up under less
drastic experimental conditions.

Further evidence supporting a covalent structure
for the adduct ions came from their reactivity. We
observed that HNCCKC,H,, did not react with HO
at 298 K. Since the PA of }O is substantially higher
than that of GN,, proton transfer would be expected

chemical environments.

An interesting adduct is HNCCN- C,H,, which
as we observed, appears to be a strongly bonded
covalent GN,H3 isomer. A possible structure is the
N=C-CH=N-C"=CH, carbonium ion, produced by
end-to-end addition and hydrogen shift. The charge on
the carbon in this ion would be well stabilised by the
adjacent double bond and heteroatom. This possible
structure is supported by the lack of reaction witfHg;
which shows that the carbon center is stabilised and has
a lower hydride affinity than the-CoH, ™ ion.

A particularly interesting possibility is that the
adduct is a cyclic N,H3 ion, specifically, deproto-
nated 1,4-diazine, which can lead to protonated sub-
stituted diazines through further addition reactions
(Scheme 2). Similar reactions can constitute ion-
molecule pathways to pyrimidine nucleic base iso-
mers or preursors from similar interstellar cyano com-
pounds. For example, a cyclic HNCNG C,H, isomer
from the protonated suspected interstellar species NCNC
would be deprotonated pyrimidine, and association with
H,O molecules at low temperatures can yield protonated
hydroxypyrimidine, a possible ionic precursor of uracil.

An even more likely reaction would involve sim-
ilar condensation with gH, by the HNCNCO' ion,
followed by H,O addition (Scheme 3).

These reactions illustrate the potential of condensa-
tion reactions of the type observed betwegNgi* and
C,H, to form heterocyclics, including pyrimidine nu-
cleic base isomers or precursors, through simple ion-
molecule reactions.
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NT ) H0 HN
HNCNC™ + C,Hy ———— M —
N HO*

Scheme 2.
O
O
HNCNCO® + CoH, ——= k
(uracil)H'
Scheme 3.
Acknowledgements [13] S.C. Smith, P.F. Wilson, P. Sudkeaw, R.G.A.R. Maclaglan,

M.J. McEwan, V.G. Anicich, W.T. Huntress, J. Chem. Phys.

98 (1993) 1944.
The authors thank Dr. Simon Petrie for the use of [14] V.G. Anicich, A.D. Sen, W.T. Huntress, M.J. McEwan,

theoretical results prior to publication. We acknowl- J. Chem. Phys. 102 (1995) 3256.
edge the support of the Marsden Fund administered by [15] D. Smith, Int. J. Mass Spectrom. lon Processes 129 (1993) 1.

the New Zealand Royal Society for support of this work. [16] F.Cacace, M.E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 115
(1993) 1024.
We thank Professor Joel Liebman for SqueStmg [17] F. Cacace, M.E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 114

the cycloaddition mechanism in reaction 1 and the (1992) 6776.
proposed reaction 3 in his review of the paper. [18] M. Aschi, M. Attina, F. Cacace, J. Am. Chem. Soc. 117
(1995) 12832.
[19] J.M.S. Henis, J. Am. Chem. Soc. 90 (1968) 844.

References [20] z. Karpas, M. Meot-Ner (Mautner), J. Phys. Chem. 93 (1989)
1859.

[21] M.J. McEwan, in Advances in Gas Phase lon Chemistry, N.G.
Adams, L.M. Babcock (Eds.), JAl, Greenwich, CT, 1992,
Vol. 1, pl.

[22] J.M. Van Doren, S.E. Barlow, C.H. Depuy, V.M. Bierbaum,
Int. J. Mass Spectrom. and lon Processes 81 (1987) 85.

[23] D.B. Milligan, D.A. Fairley, C.G. Freeman, M.J. McEwan,

[1] M. Inoue, M. Cottin, Adv. Mass Spectrom. 3 (1966) 339.

[2] A.B. Raksit, D.K. Bohme, Int. J. Mass Spectrom. lon Pro-
cesses 57 (1984) 211.

[3] C.A. Deakyne, M. Meot-Ner (Mautner), T.J. Buckley, R
Metz, J. Chem. Phys. 86 (1987) 2334.

[4] S.AH. Petrie, C.G. Freeman, M.J. McEwan, M. Meot-Ner
(Mautner), Int. J. Mass Spectrom. lon Processes 90 (1989) 241.

[5] M.J. McEwan, D.A. Fairley, G.B.I. Scott, V.G. Anicich, J. Int. J. Mass Spectrom, unpublished.
Phys. Chem. 100 (1996) 4032. [24] G'.J. Janz, Inorganic Syntheses, T. Moeller (Ed.), McGraw-
[6] H.E. Warner, T. Amano, J. Mol. Spectroscopy 66 (1991) 145. Hill, New York, 1957, Vol. V, p 43.
[7] T. Amano, F. Scappini, J. Chem. Phys. 95 (1991) 2280. [25] D.A. Fairley, G.B.l. Scott, D.B. Milligan, R.G.A.R. Mac-
[8] G. Cazzoli, C. Degli Esposti, F. Scappini, J. Chem. Phys. 97 lagan, M.J. McEwan, Int. J. Mass Spectrom. lon Processes
(1992) 6187. 172 (1998) 79.

[9] E.P. Hunter, S.G. Lias, in NIST Standard Reference Database [26] T. Su, W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183.
No. 69, W.G. Mallard, P.J. Linstrom (Eds.) NIST, Gaithers- [27] G.A. McGibbon, P.C. Burgers, J.K. Terlouw, Chem. Phys.

burg, MD, August 1997 (http://webbook.nist.gov) Lett. 218 (1994) 499.
[10] P. Botschwina, P. Sebald, Chem. Phys. 141 (1990) 311. [28] P.J.A. Ruttink, P.C. Burgers, J.K. Terlouw, Chem. Phys. Lett.
[11] S. Petrie, J. Phys. Chem. 102 (1998) unpublished. 229 (1994) 495.
[12] M.A. Glukhovtsev, J.E. Szulejko, T.B. McMahon, J.W. [29] C.A. Deakyne, M. Meot-Ner (Mautner), J. Phys. Chem. 94
Gauld, A.P. Scott, B.J. Smith, A. Pross, L. Radom, J. Phys. (1994) 232.

Chem. 98 (1994) 13099. [30] M. Meot-Ner (Mautner), unpublished results.



