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Abstract

The rate coefficients and product ion branching ratios have been determined for reactions betwesmdNi@ee ketones,
acetone, 2-butanone, and 3-pentanone, as a function df/fdé@ctant ketone centre-of-mass enerfgy, and NO"/helium
carrier gas atom centre-of-mass eneify,in a flowing afterglow selected ion flow drift tube apparatus. In these experiments,
the helium carrier gas was maintained at a temperature of 300 K. At zero drift field, association was the dominant channe
occurring at close to the collision rate forming N®etone adduct ions. At higher drift field&(, E, < 1 eV), charge transfer
and dissociative charge transfer channels became the major channels forming fragment ions of the ketones. The decreast
the association rate coefficient with increaskfgexhibits an inverse power law dependekges E_ " wheren ~ 2.5 for all
three ketones. This dependence is much larger than predicted by simple theory and may be indicative of low energy vibratior
contributing to the total energy pool in the (Nk&tone) * excited complex. (Int J Mass Spectrom 193 (1999) 35-43) © 1999
Elsevier Science B.V.
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1. Introduction constituents by judiciously chosen precursor ions:
most commonly used are,B*, NO*, O; (derived
With the application of selected ion flow tube mass from moist air [1-3]), and NE [4]. In order to
spectrometry (SIFT/MS) [1-3] and drift tubes [4], by interpret the product ion mass spectra it is necessary
using multiple ion precursors, to trace gas analysis of to have information on the reaction kinetics (i.e. the
air and breath an interesting application of ion chem- rate coefficients and product ions) of these precursor
istry has been defined. These methods for trace gasions with the wide variety of trace species that are
analysis utilize chemi-ionization of the trace gas present in the air/breath samples to be analysed.
Obtaining the required rate coefficients is not a
straightforward process because most organic (liquid)
* Corresponding authors. species are adsorbed onto surfaces and so it is difficult
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to prepare mixtures of a known partial pressure, pressures upto X 10 7 Torr in a Fourier transform
which is the usual requirement in kinetics studies. ion cyclotron resonance (FTICR) cell, to radiative
Spanéand Smith [5-9] have carried out wide-ranging rather than collisional stabilization of the (NO
investigations of the ion chemistry of 8%, NO™, RCOR)* complexes. The rate coefficients for radia-
and O ions with several organic species using the tive association were relatively smal~[3-6) X
SIFT technique, including some reactions with the 10 ** cm® s™*] [12] and they also observed the
ketones, that the present study is concerned with. In slightly endothermic charge transfer channel to com-
their studies, the relative rate coefficients were deter- pete with association in the case of 3-pentanone [13].
mined for the three ions using an air/vapour mixture  In the present experimental study, we address the
of unknown partial vapour pressure, and assuming nature of the competition between association and
that the proton transfer reactions of®" with the charge transfer in three N@ketone reactions using a
organic molecules proceeded at the collisional rate flowing afterglow/selected ion flow drift tube (FA/
(which is readily calculated [10]). The absolute rate SIFDT) where the mean kinetic energy of the NO
coefficients for the NO and G reactions were thus ions can be varied. The ketones chosen in this study
obtained. A large fraction of the NO and G were selected on the basis of the values of their
reactions with the many organic species investigated ionization potentials (I.P.) varying from 9.70 eV for
were thus seen to proceed at or near to the collisional @cetone to 9.31 eV for 3-pentanone converging to the
rate [5-9]. ionization energy for NO of 9.26 eV.

Ketones are common in nature and one of them,
acetone (a metabolite of glucose), is present in human
breath. It is with the rates, ion products, and mecha- 2. Experimental
nisms of the reactions of NOwith three ketones that

this study is concerned.p@né et al. [5] found the The experiments reported here were accomplished

collisional (termolecular) association reaction: using a selected ion flow drift tube, equipped with a
He flowing afterglow ion source (FA/SIFDT), operating

NO*™ + RCOR —5 NO:*RCOR with the carrier gas in both the FA and SIFDT at room

temperature (295 5) K. The details of this particu-
éar selected ion flow tube have been described before
[17]; the drift tube [18] and the flowing afterglow
_(FA) ion source are quite recent additions. The FA ion
source is similar in design to that described by Van
Doren et al. [19]. Other details of the modified FA/
SIFDT instrument will be described elsewhere [20].

A problem in the production of NO by electron
impact [21] is that metastable NO(a®3 ") is pro-
duced in small amounts (typicalky3% of total NO")
as well as NO (X =%, v > 0) in addition to the
majority ground state NO (X =%, v = 0). In an
effort to minimise the production of these unwanted
metastable and vibrationally excited NQons, the
NO* was produced in air subjected to a microwave
discharge [6]. NO is formed in an air discharge
predominantly by the reaction

to be the only reaction channel for the ketones,
acetone, 2-butanone, 2-pentanone, 3-pentanone, an
2-hexanone in their SIFT at 300 K. For the larger
ketones (3-hexanone, 1-phenylethanone, and men
thone) charge transfer occurred in parallel with asso-
ciation. Their studies related to thermalized ions in
helium carrier gas at a pressure close to 0.5 Torr. They
invoke the phenomenon of “charge transfer complex-
ing” to explain why the association reaction is very
efficient when the ionization energy of the ketone is
close to that of NO [2]. Reents and Freiser [11] had
noted much earlier that the binding energy of an’NO
ketone complex (i.e. the NOaffinity) correlated with

the proton affinity and the first ionization potential of
the ketone. Several NOketone studies at much
lower pressures than commonly used in the SIFT were
carried out by Dunbar and co-workers [12—-15]. They
attributed the association reactions they observed atN* + O, - NO* + O L
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Table 1
Rate coefficients and product ion branching ratios at zero field froni M@h acetone, 2-butanone, and 3-pentanone

Branching Kopd kP ke Keon® AlP
Ketone ratio Product 10 °cm*s™Y) (@0 °cmPsH (10 °cm’sl) (10 °cmPs Y (eV)®
CH,COCH;, 1.0 NQ"CH;COCH, 1.3 1.2 0.003 3.3 -0.44
C,HsCOCH;, 1.0 NO'C,H,COCH, 2.1 2.8 0.027 3.2 —-0.26
C,HsCOCHs 0.95 NQ"C,HsCOCHs B

005 GH.COGH 2.6 3.4 0.18 3.3 0.05

2Present study; at a pressure of 0.44 Torr of helium.
P Previous SIFT study [5]; at a pressure of 0.50 Torr of helium.

© At a pressure o1 X 107 Torr; these results from [12] and [13] are for bimolecular association only.

d Collisional rate coefficients [10].
€ See [16].

Metastable and vibrationally excited NQare then
qguenched by M[22,23]. Without taking these precau
tions, the presence of (NQ* species formed from

If the ketone has an ionization energy close to or
lower than that of NO (9.26 eV) [16] then charge
transfer may also occur.

the discharge was apparent by the observation at zero  The data from the earlier SIFT study op&n¢ et

electric field (in the SIFDT) of small product ion
signals corresponding to dissociative charge transfer

al. [5] are compared with the results from the present
study at zero field in Table 1. We note the acceptable

reactions with the ketones, reactions that cannot occur ggreement in the results of these two studies, which is

with ground state NO on thermodynamic grounds.
The small amount of (NO)* in some experiments in
this study €3%) did not influence the observed rate
coefficients in any significant way.

In the present work, rather than calibrating the rate
coefficients relative to the rate coefficients for proton
transfer from HO"' as $ané et al. report [5], we
were able to measure the absolute flow rates of the
three chosen ketones in the usual way by monitoring
the decrease in pressure of a known volume of ketone
vapour [17].

3. Results and discussion

The reactions of NO with the three ketones,

pleasing in view of the very different methods used to
monitor the ketone flows and hence to obtain the rate
coefficients. In these three reactions charge transfer is
endothermic, but for the 3-pentanone reaction it is
only marginally so (0.05 eV) and in fact a small
fraction of charge transfer (5%) was observed in the
present study at thermal energies (zErield). As the
centre-of-mass energies between the reactant ion and
the reactant molecul&,, and the reactant ion and the
carrier gas atomsk., are increased, endothermic
charge transfer becomes energetically possible. Ex-
ploring the influence ofE. and E, in the SIFDT
provides a means of examining the nature of the
competition between association and charge transfer
in these reactions. Although it is of course not

acetone, 2-butanone, and 3-pentanone, were exam{ossible to varyE; and E, independently of each

ined as functions of the NG-ketone E,) and the
NO"-He (E.) centre-of-mass energies. As noted
previously, NO™ reacts with ketones at thermal ener
gies generally via association. The NSketone binding

other, it is still important to identify their different
characteristics.

energies are known and are substantial as can be inferre.1. Drift field measurements

from the rapid association rate coefficients observed.
The binding energies are (in electron volts) [13]:
(CH,),CO, 1.77; CHCOC,Hs;, 1.82; (GH5),CO, 1.85.

lons drifting through a gas under the influence of a
uniform electric field gain translational energy from
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the electric field and lose energy in collisions with the K

bath gas (helium) and reactant gas (ketone). Ulti- NO™ + CH3COCF5— (NO"CH,COCH,)*
mately the energy gain and loss processes approach ky

equilibrium and the ions drift through the gas with a K

velocity vy that depends on the ratig/N (E = ' +

electric field strength andN = carrier gas number — NOUCHLCQACH, + hv
density). The kinetic energy of the ions, KE is then (5)

given by the Wannier formula [24] N
(NO"CH;COCHy)* + M

3 mvi  my3 Bks
KBion =5 keT + -~ + — (2) —— NOCH,COCH, + M

(6)

Adams and Smith [26] have proposed that a “temper-

ature,” T., may be assumed for the association com-

plex, such thaf, may be equated t®; (the internal

temperature of the ion which is defined By) or T,

E, = [(m/(m; + m)] (KEjo, — ngT) + ngT (the translational temperature of the ion relative to the
(3) reactant neutral wheB, > E_ as is the case for the

reactions in this study). This model predicts the

whereE, is the mean ion-reactant gas centre-of-mass temperature variation fok, the rate coefficient for

energy, andn, is the reactant neutral (ketone) mass. the termolecular reaction, as

Similarly E., the mean ion-carrier gas atom centre-

of-mass energy, is given by

wherem; is the mass of the iomm, is the mass of the
carrier gas atoms, arkj; is the Boltzmann constant.
Eqg. (2) in the centre-of-mass frame becomes [25]

kg = (TE/2)(TE2T]"2T32) (7)

wherer, r;, r, are, respectively, the numbers of
E, = [mJ/(m; + m)] (KEio,, — §kBT) + §kB-|- (4) rotational- degrees of freedom in the comple, (the
reactant ion i), and the reactant neutrah). The T
o ) _ ) values are their associated temperatures defined by
Because collisions of NOwith the hehgm carrle.r gas T, =T, (3/2ksT,=E, and (3/2ksT; =
are much more frequent than collisions with the NO* possesses only two rotational degrees of free-
state of the molecular ions prior to their interaction atomic molecules like acetone, Eq. (7) becomes
with the reactant ketone molecules. Similarly, it is the

—-1.0
distributionE, that describes the mean relative trans- Ks * Ec (8)
lational energy between the NGons and the ketone  This model will be applied to the present data in the
molecules. following sections.

As a consequence the temperature of the reactant
ions is not clearly defined except at very low electric 3.2 NO" + acetone
fields and their translational and internal energy dis-

tributions will not be Maxwell-Boltzmann. Thus a Association is the main process observed in this

true thermodynamic ion temperature cannot be de- system under all conditions of the applied drift field in
fined. Based on the simple model for three-body the SIEDT:

association reactions exemplified by the N@eac-
tion with acetone: NO* + CH,COCH, -H& NO*(CH.),CO  (9)
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At the highest accessible drift fields, a minor charge
transfer channel is evident; this is 0.44 eV endother-
mic for ground state reactants and even atEan=

0.8 eV represents a very small (insignificant) channel.
At zero field, the observed pseudobimolecular rate
coefficient, k,.,s for this termolecular association
reaction is invariant with pressure over the restricted
range from 0.25 and 0.70 Torr at a value of X3
10°° cm® s~ %, which is 40% of the collisional rate
coefficientk, (Table 1). From simple reasoning it
would be expected that “pressure saturation,” i.e. a
pressure invariank,,,s would coincide withk., but
this condition is clearly not achieved at the pressures

accessible in these experiments. Whether the apparent
pressure invariance indicates that a small but gradual (b)

increase ok, with pressure would occur, or whether

39
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pressure saturation has been achieved with a rateFi9: 1. (&) The variation in IiGeq) for NO™ and acetone with

coefficient less thak,, is not clear. If the latter case
is applicable, and there is precedence for this, then

log(E,/eV) (closed circle) and lod{ /eV) (closed square) obtained
at a pressure of 0.30 Torr. (b) The variationkig; for NO* and
acetone with helium density & = 0.43 eV. Thdinear fit yields

there are several possibilities that may be responsible an association rate coefficient for termolecular associatide of

including spin statistics [27] or a double potential-

well model [28,29]. In the double-well model, the

short mean lifetime of the loosely bound complex
means that the “pressure saturation” regime in
which the tightly bound complex is formed corre-

sponds to a rate coefficient less than the collision
rate [28].

To seek for an understanding of this Nacetone
association reaction, we examined it at differ&nt
and E, in the SIFDT. The variations of l08§.s),
(wherekgo is the effective termolecular association
rate coefficient derived from,. = K,opd[He]), with
both logE, and logE,, are shown in Fig. 1(a). Both
plots show a decrease ik With increasing ion
energy as expected if the [NO.(GHCO] " * lifetime
against unimolecular dissociation decreases with in-
creasing internal energy of the excited collision com-
plex. Further, a&, increasesk,,reduces below its
saturation value allowing meaningful values of the
association rate coefficients;, to be determined. As
an example, the variation iky,s With helium pres-
sure ate, = 0.43 eV isshown in Fig. 1(b). The near

1.2X 10726 cmPs L.

datayieldk; = 1.2 X 10 ?°cm®’s tatE, = 0.43
eV. Thus we find thakases = 9.1 X 10 *°cm®s ! at
zero field (derived from the observed rate coefficient
of 1.3 x 10 °cm®s *at 0.44 Torr) andk; ~ 5.7 X
102" cm® st at E, = 0.88 eV (derived from the
variation in rate coefficient measured Bt = 0.88
ev).

The slope of the least squares line in Fig. 1(a) of
log Ksess @gainst logk, is —2.5, which is obviously
greater than the slope o6f1.0 predicted in Eq. (8).
We discuss possible reasons for this difference after
the results for the 2-butanone and 3-pentanone reac-
tions are presented.

One problem specific to the N@acetone reaction
studies was encountered. At higher valuegEpfthe
effective bimolecular rate coefficient dropped to less
than 10 °cm® s~ and linear semilogarithmic decays
of In Iyo+ against acetone flow could not be main-
tained. A probable reason for the nonlinearity with

linear dependence indicates that the reaction hasthe high flows of acetone that are required is that

moved out (or almost out) of the near pressure

the NO" ion mobility changes from its value in

saturation regime and a linear least squares fit to the pure helium.
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3.3. NO" + 2-butanone tionally at higher energies in the SIFDT, ion products
resulting from charge transfer and dissociative charge
At thermal energies, the only product of this transfer appear:
reaction is the adduct, NGCH,COGC,H;, but addi-

NO* + CH,COGHs -1& NO* CH,COCH- (10a)
— CH,COGH; + NO — 0.26 eV (10b)
— CH,CO* + C,H, + HNO — 0.64 eV
(10c)
(or CH,CO" + CH,CHNOH + 1.15 eV)
— C,H:CO" + (CHsNO) + 0.86 eV (10d)

The association reaction apparently proceeds in the
pressure saturation regime at thermal energies
(Kzefr > 1.8 X 10 2° cm® s~ %) with kg decreasing
at higher energies (&, = 0.89 eV,kgey = 7.6 X
102" cm® s7%). A plot of In Kge versusk, and E, k{
shown in Fig. 2(a) indicates the energy dependence of 1.0OE-25 *
the association channel. Like the acetone association
reaction, the linear least squares fit ofdf, against
In E. yields a slope of-2.3 [Fig. 2(b)], considerably
in excess of the value of 1.0 predicted by Eq. (8).
The departure from linearity at lo_ values again
indicates the approach to pressure saturation.
Nondissociative charge transfer producing
C,HgO" ions, which is endothermic by 0.26 eV for B
ground state reactants at thermal energy, onsets neatr -
to threshold [see Fig. 2(b)] and then becomes increas- & "*% T
ingly important with increasinde, to become domi-
nant atE, = 0.89 eVwhere the partial rate coeffi-
cient for this channel is 1. 10 *° cm® s™*. For Vet o
comparison, at the samg, the bimolecular rate
coefficients corresponding to the other channels are  1og2 - ——— — - |
Kioa= 9.8 1071 cm® s kyp.=2.0%x 102 w o Sl e 0 e 2
cm® st andk;gq = 3.0 X 10 ** cm® s [see Fig.
2(b)]. Because there are onsets of the reactive chan-l':oigé-/((;\‘/))T(t‘lao‘s’:gag"z;‘e')"ﬁa;fz fg@’;g\;) ? cf,?égci%c'ﬁéwme
nels in Eq. (10) this suggests that these reaction slgpecofthe Ieastsqugres line of best fit for Bgis —2.5. (b).Rate
channels are endothermic. However it cannot be ruled coefficients for the NO + CH,COCH; reaction at different
out that barriers may exist for exothermic channels vaues of E. [NP-* C4HgO (closed square); (0" (closed
requiring extensive rearrangements [Fig. 2(b)]. Indeed triangle): GHsCO" (open circle); CHCO" (cross)] The solid line

o ~~ is the least squares minimized regression line for the association
the neutral products indicated are not necessarily channels.

1.00E-24

]
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correct as the experiment does not provide informa- 1.00E.08
tion on product neutrals.

A decrease in the lifetime of the complex with
increasing energy is implied from the decrease in rate
coefficient of the association channel (10a). The total
rate coefficient for the binary reactions (10b)—(10d) is
only 1.5 10 1° cm® s at the highest attainable _
E,. That thek,’s do not reach the appropriate, (a) S A e E BAE GFieBgen
suggests that charge transfer occurs within the reac- '
tion complex, the lifetime of which continuously 1.OOE-24
decreases with increasing,. Thus, thek, values |
observed at higher energies are a reflection of the
increased efficiency of charge transfer and the de-
creasing efficiency of the reaction with decreasing
complex lifetime. (Stated another way, even though \ e
charge transfer is favoured by increasifg it is 1.00K-26
inhibited by the decreasing complex lifetime.) It is o 0 :

3-pentanone
Og “"T1---.___

1.00E-09 —
~H
AT

| _8

O

Bimolecular Rate Coefficient
>
>
>
a1
x
x

LOOE-25 |

Ksegs (cm® s

interesting to note that identical charge transfer and (b) E. E, (eV)
dissociative charge transfer product ions result from
the O;r reaction with 2-butanone [5]. Fig. 3. (a) Rate coefficients for the NO+ (C,H;),CO reaction at

different values ofE,. [NOCgH,,O (closed square); £i,,0"
(closed triangle); GH.CO™ (open circle); GH,CO™ (cross).] The
solid line is the least squares minimized regression line for the
unsaturated region of the association channel. (b) The variation in
IN(Kzer) for NO* + (C,Hg),CO with logE./eV) (closed square)

As previously mentioned, at thermal energies the and IogE./eV) (closed circle). The slope of the least squares line of

3.4. NO" + 3-pentanone

. . . . - best fit is—2.3.
major product for this reaction is association but
charge transfer and dissociative charge transfer be-
come dominant at higher energies [Fig. 3(a)].
NO™ + (C,Hs5),CO — NO."(C,Hs),CO (11a)
— (C,H5),CO" + NO — 0.05 eV (11b)

— C,H,CO" + C,H, + HNO — 0.17 eV (or GHsO" + C,H,NO + 1.4eV) (1lc)

— C,H,CO" + C,Hg + NO — 0.40 eV (11d)
Ksor decreases frome1.7 X 10 2° cm® st at ther- ing a maximum of 4.3x 10 *®cm® s* at E, =
mal energies t&; ~ 1.5 X 1072 cm® s atE, = 0.50 eV andhen falls tok = 2.0 x 10" *°cm®s™?

0.93 eV as it isshown in Fig. 3(b). The power law atE, = 0.93 eV as thalissociative charge transfer
dependence again exhibits a significantly different channels resulting in £1-CO" ions becomes domi-
exponent value-{2.3) from that predicted by Eq. (8) nant as can be seen in Fig. 3(a). Again, the various
of —1. channels exhibit clear onsets at finiie either

The binary rate coefficierit, for the nondissocia- because they are endoergic or because of the
tive charge transfer channel (11b) increases from existence of energy barriers on the potential sur-
Kyip = 1.0 X 10 °cm®s ' at thermal energy reach-  face.
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3.5. Variation of In k with In E; of the lifetime of the (NO ketone)* excited complex
at higherk values. We note that although the neutral

In accordance with the simple model proposed by vibrational energy is not changing in these experi-
Adams and Smith, which appears to be valid for the ments, it still adds to the energy resident within the
association reactions of GHons with some diatomic ~ complex where additional energy induced by colli-
molecules [26], the termolecular rate coefficient for sions is accumulated. Bass and Jennings [30] noted
association exhibits an inverse power law dependencethat divergence from simplé " variations ink; (for
with E.. However, the power law indices observed in association reactions of GHwith diatomic and tr
all three NO'/ketone reactions are abou®.5 [Figs. atomic molecules) tend to be largest when the reaction
1(a), 2(a), and 3(b)], i.e., obviously larger than the intermediate complex has a deep well as occurs in the
—1.0 value predicted by the model. Possible reasons Present case, and a number of the low frequency
for this large discrepancy are that more energy enters Vibrations and internal rotations of the complex are
the complex than is predicted by Eq. (7) hence Populated.
reducing its lifetime and/or the complex “tempera-
ture” T, is not correctly approximated by,. Could
vibrational excitation of the reactant NQbe a factor? ~ 4- Concluding remarks
This is unlikely in these experiments. Pogrebnya et al.

[21] have measured quenching rate coefficiekts, We have examined the variations of the rate

for NO* (v = 1) in a helium carrier gas as a function coefficients for competing three-body association and
of E.. The maximum value oE. attained in the charge transfer in the reactions of NQwith the
(o (03

present experiments was 0.2 eV, which is less than 0.3 X€tones, acetone, 2-butanone, and 3-pentanone, with

eV where Pogrebnya et al. report a rate coefficient of th”e Eentre-of-mass mteragtpn e'nergE{s.and E. In i
kg ~ 3 X 10 1 cm? s~ for the quenching reaction all three reactions, association is dominant and effi-

cient at thermal energies and indicative of the forma-
NO* (v=1) + He—>NO" (v=0) + He (12) tion of bound complexes (NO.RCOR which may
well correspond to the formation of derived nitrite
[R(CONO)R]™ cations by the addition of NOto the
carbonyl oxygen. Preliminary ab initio calculations
appear to support this premise [31]. The lifetimes of
the (NO.ketone)* excited intermediate ions are
Kex = Kq €Xp(—E/kgT) (13) cl_early sgnsitive _to the NO- ketone_ interaction ener
gies as is manifest by the rapid decrease in the
whereE represents the vibrational energy of the NO  gssociation rate with botE, and E.. The indepen
ions. The vibrational energy of NQv = 1) is 0.29  dence ofk,q,,, With pressure at thermal energies for
eV and hence by using Eq. (13) we deduce that the NO"—acetone reaction, at a rate coefficient only
kex ~ 3 X 107 *?cm® s *at 0.3 eV from the Pogreb 409 of the collision rate coefficient, opens the possi-
nya et al. value ok,. In our experiment at a helium  bility of a double well potential surface model de-
pressure of 0.5 Torr and a reaction time-ef ms, the  scribing the association as has been proposed previ-
fraction of NO"(v = 1) produced aE, = 0.2 eV is ously for other association reactions [28,29,32].

Assuming that equilibrium is achieved between exci-

tation and de-excitation in these SIFDT experiments,

then the quenching and excitation rates are related
according to

therefore very much less than 0.1%. As noted earlier, the model utilized to account for
If vibrational excitation of NO is not a factor in  the dependence of the rate coefficient for association
accounting for the enhanced dependence ofkQg E. [26], led to a predicted inverse power law depen

upon logE, then what is? One possible explanation is dence for the logk; versus loge,. plots. Although the
that low frequency vibrations and internal rotations in index of these plots was remarkably similar for all
the ketone molecules may contribute to a shortening three ketones examined in this study-2.5), it was
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considerably larger than the value6f..0 anticipated

from the simple model, which it must be stressed, did
not consider the role of any vibrational excitation in
either the ionic or the neutral reactants. It is worth
noting that the model successfully predicted the
power law for CH, a polyatomic ion with diatomic

molecules having relatively high frequency vibra-

tions. In the present case the ion is diatomic and the
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the rotational temperature of the reactant molecule
and the translational energy of the ion may both be
utilized in specific reactions. The present experiments
indicate that the translational energy of the N®@ns
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ciency and is utilized to open endothermic charge
transfer channels.

Acknowledgement

The authors thank the Marsden Fund for financial
support for these studies.

References

[1] D. Smith, P. Danéd, Int. Rev. Phys. Chem. 15 (1996) 231.

[2] P. Sand, D. Smith, Med. Biol. Eng. Comput. 34 (1996) 409.

[3] D. Smith, P. and, Rapid Commun. Mass Spectrom. 10
(1996) 1183.

[4] W. Lindinger, A. Hansel, A. Jordan, Int. J. Mass Spectrom.
lon Processes 173 (1998) 191.

[5] P. Sand, Y. Ji, D. Smith, Int. J. Mass Spectrom. lon
Processes 165/66 (1997) 25.

[6] P. $and, D. Smith, Int. J. Mass Spectrom. lon Processes
167/168 (1997) 375.

be published.

[21] S.K. Pogrebnya, W. Freysinger, A. Hansel, M. Kriegel, W.
Lindinger, Int. J. Mass Spectrom. lon Processes 129 (1993)
89.

[22] W. Dobler, W. Federer, F. Howorka, W. Lindinger, M.
Durup-Ferguson, E. Ferguson, J. Chem. Phys. 79 (1983)
1543.

[23] W. Federer, W. Dobler, F. Howorka, W. Lindinger, M.
Durup-Ferguson, E.E. Ferguson, J. Chem. Phys. 83 (1985)
1032.

[24] See for example W. Lindinger, D. Smith, in Reactions of
Small Transient Species, A. Fontijn, M.A.A. Clyne (Eds.),
Academic, London, 1983, p. 387.

[25] M. McFarland, D.L. Albritton, F.C. Fehsenfeld, E.E. Fergu-
son, A.L. Schmeltekopf, J. Chem. Phys. 59 (1973) 6620.

[26] N.G. Adams, D. Smith, Int. J. Mass Spectrom. lon Processes
81 (1987) 273.

[27] D.C. Clary, C.E. Dateo, D. Smith, Chem. Phys. Lett. 167
(1990) 1.

[28] D.B. Milligan, P.F. Wilson, M.J. McEwan, V.G. Anicich, Int.

J. Mass Spectrom. 185/186/187 (1999) 663.

[29] M. Meot-Ner, in Gas Phase lon Chemistry, M.T. Bowers
(Ed.), Academic, New York, 1979, p. 197.

[30] L. Bass, K.R. Jennings, Int. J. Mass Spectrom. lon Processes
58 (1984) 307.

[31] S. Klippenstein, private communication, 1999.

[32] D. Smith, N.G. Adams, Int. J. Mass Spectrom. lon Processes
76 (1987) 307.

[33] A.A. Viggiano, R.A. Morris, J. Phys. Chem. 100 (1996)
19227.



