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The dissociative photoionization of,Nand Q by synchrotron radiation in coincidence with threshold
photoelectrons is used to produce state-selectecaidl O° atomic ions to study their reactivity. A pure
selection of their ground state,"18P) and O (*S), or excited states, N'D), O*(°D), and O (?P), is obtained

by the choice of the photon energy and by further discrimination of atomic ions produced with translational
recoil energy. Both reactions studiéé\*™ + CD, and O + 3CO,, are of major importance for the chemistry

of Titan, Mars, and Venus’ ionospheres and are strongly affected by excitation of the parent atomic ion. For
the reaction of N with methane, DCN and DCND" products coming from the decomposition of a long-
lived complex are surprisingly not much sensitive to thedXcitation, whereas the branching ratio between
the dissociative charge-transfer channel, leading t@*C@hich is the main product for the ground-state
reaction, and the nondissociative charge-transfer channel, leading,to i§@ompletely inverted in favor of

the latter when N is excited into théD state. This unanticipated result can be well understood by the-spin
orbit selection rule in the Nrecombination. For the reaction off@vith carbon dioxide, the reactive channel
producing Q*, which dominates for the ground-state reaction for thermal collision energies, is completely
displaced in favor of the endothermic charge-transfer channel leading 1o i€€&lther collision energy or

O" internal energy is brought to the system. Theg(B) metastable state has a larger reaction cross section
than the lowerPD metastable state. Owing to the long lifetime of thé &hd O" metastable states studied
here and to their very specific reactivity, they should be individually considered in the models describing the
planetary ionospheric chemistry.

Introduction To achieve pure Nand O" metastable state selection, we have
to use more sophisticated selection techniques. Dissociative

Reaction dynamics of molecular ions are driven by many ) .
charge transfer of rare gas cations withHas been successfully

forms of energy, in particular, the internal energy of the parent :
ion. The devglx(/)pmgnt of methods, such as tr?ey photoerl)ectronused to study many sFate-seIecteti(fS,zD, °P) reactions.A
photoion coincidence (PEPICO) techniques, to prepare a mO_secon_d me_tho_d, derived f_rom the threshold photoelectron
lecular ion in well-defined states has contributed to a much better Photoion coincidence technique (TPEPICO) and based on the
fundamental understanding of the unimolecular fragmentation dissociative photoionization of Ohas already been used for
and spectroscopy of these ions and of their bimolecular the study of the O(*S, 2D, ?P) + N reaction'® This second
reactions—8 method has been chosen in this work to prepare state-selected
Much less is known on the bimolecular reactivity of the N*(P,'D) and O'(“S,2D, 2P) atomic ions from the Nand Q
excited atomic ions N or O because if one wants to use Precursors.
conventional PEPICO techniques to state select these ions, then The second motivation of this study is linked to the chemistry
one needs in principle to use a source of neutral N or O radicals. of planetary ionospheres. Very recent or up-and-coming explo-
Our first fundamental motivation here is to study the effect of rations of our solar system planets Mars, Jupiter, and Saturn
the atomic ion electronic excitation on the reaction dynamics. and their moons, such as Titan (largest moon of Saturn), by
Going from N(3P) and O (“S) ground states to N'D, 'S) and spacecrafts, for instance, Mars Global Surveyor, Mars Express,
O*(°D, 2P) excited states brings a few electronvolts to the system Galileo, and CassiriHuygens, have motivated extensive efforts
and also changes the nature of the initial state. Because thesgy model atmospheres correctly. This also includes laboratory
first excited states are known to be very long-lived metastable sy gies to provide accurate inputs or parameters to the models,
states; they can be prepared in a low pressure source and theirgch as the production and loss rates of the neutral and ionic
reactivity easily probed later in another part of the experiment. aimospheric constituents; in particular, for the ionospheric part

of the atmosphere, valid photoionization cross sections by solar
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reaction rate constants corresponding to the parent ions in theirbe between 9.4 10719cm’ s~ and 14x 10 19cm® s The
ground state. This is due to the much less amount or evenrate constant value, 8:2 10-1°cm? s, measured at very low

absence of data on the reactivity of excited ions and the

temperature, 8 K, with the CRESU (Chigue de Ractions en

enhanced complexity that these metastable species bring toEcoulement Supersonique Uniforme) techniéflis,close to the
models. However, in planetary ionospheres, these ions are300 K values. In many reactions ofNwith hydrocarbons,

effectively produced by photoionization or by electron impact
in long-lived metastable states that do not relax in the

including methane, Kusunoki and Ottinger et3&} have
identified the NH(&IT) chemiluminescence in a large range of

ionospheric environment. Such excited species were successfullycollision energies. It means that, for the reaction with,CiHe

included in recent modeld,and their particular activity could

CHs™ product comes at least partly from the N1 channel.

be demonstrated. Therefore, it is important to measure the To our knowledge, no reaction of pure metastabfedtate

specific reactivity of excited ions to know whether they have
to be considered in ionospheric models. It is a long-term activity

has been reported in the literature. In severakdhction studies,
dissociative ionization of Wby electron impact is used to

that we already engaged for molecular ions as shown in our produce excited N, but only a fraction of the N population is

previous studied!~24

Because N and O atomic ions can be directly produced
by dissociative ionization of the main neutral constituents, N
and CQ, of Titan and Mars and Venus’ atmospheres, respec-
tively (because Wrefers to Titan and C&to Mars and Venus),
they are among the most important ionic species of their
respective ionospherés:;’®> They can be produced in such
environment in excited metastable states. Their first excited
states, N(!D), O™(?D;) and O"(?P;), have such long lifetimés
(269 s forlD, 1.6 and 9.1 h fofD3» and?Ds,, and 6.3 and 4.9
s for 2Py, and 2Ps,, respectively) that they are not radiatively
relaxed during the time between their production and their

in a metastable state. In the first or#é83a 15% population of
the first metastable staf® is estimated, with the remaining
population in the ground stat®. In another oné’ an unknown
mixture of 'D/ISPS metastable states is believed to constitute
30% of the population, with the remaining 70% in the ground
state3P. This last work’ is, to our knowledge, a unique study
of the reaction of metastabletNons with methane. For the
reaction of N' metastable ions, they report a total rate constant
equal to the rate constant of ground-state ions 1 110~° cn?®
s, and the inferred branching ratio found between the four
main products Cki”/CH;//HNC/HCNH" is 0.2:0.1:0.3:0.47
Remarkably, extensive efforts have been done to characterize

reaction. Moreover, as they lie 1.9, 3.3, and 5.0 eV above their the effects of all of the forms of energy on the" G- CO,

respective ground states;} {P) and O (4S), it is expected that,
with such an additional amount of energy, the reactivity of these
excited species could be very different from that of the ground-
state ion and should be characterized.

In the reaction of ground-state'Nons with methane, four
main ionic products have been identified ass€HCH,*, HNC*
(or HCNY), and HCNH (or H,CN™). The most exothermic
channels leading to these products are

N*CP)+ CH,—~CH,"+NH AH=-3.4eV (N1)
—CH,"+N AH=-19eV (N2)
—HNC" +H,+H
AH=—-2.4eV (N3)
— HCNH" + H,
AH=-8.8eV (N4)

reaction, including the ©electronic energy?—36 the vibrational
and rotational energy of C& related to the temperature, and
the mean collision energy, which can be controlled either by
the temperatuf®3746 or by the translational energy of 'O
ions34:36,37.4753 The transition state theory has been also used
to model these effects.

For the ground-state @*S) reaction, only one exothermic
channel is open at thermal collision energy, which leads;to O
formed by the decomposition of a long-lived complex

(O1)

The isotope distribution of th&€?0,", 340,", and 30,"
products observed in the iemmolecule reactions occurring in
an equimolar C¢O), + C(*80), mixture suggests that the form
of the complex is (O©-CO)" rather than a C&¥ form where
all oxygens are equivaleft.

When collision energy is increased, a new product, G®&
formed, as suggested first by Schildcré¥through the slightly
endothermic charge transfer, which becomes rapidly the domi-

0*(*s)+ Cc0o,—0,"+CO AH=-12eV

We note that other exothermic channels could also lead to ,5nt channel

the same ions, in particular GH ions, which could also be
produced by the dissociative charge transfer

N*CP)+ CH,—~CH,;" + H+N

AH

—0.2eV (NI)

0" ("s)+ CO,—CO,"+0 AH=+0.16eV (02)

At even higher collision energy, above 6 eV in the center of
mass frame, minor products, C&nd C, are also observed
and attributed to sequential dissociative charge transtéers

The branching ratio between these products measured in an o' (*s)+ co,— CO +0+4+0

ion cyclotron resonance (ICR) stud$0.53:0.05:0.10:0.32 for
CHz"/CH,f/HNCT/HCNHT, is in good agreement with other
published value$>28 Note that in a very recent experiméfit,

to be more representative of the ions present in Titan's

atmosphere, higher pressures of the methane target gas were

used to allow the primary product ions to undergo further
chemistry. The numeric modeling of the data which includes

consecutive reactions leads to a 0.38:0.03:0.15:0.44 branching O*(*s) + co,— co + 0,

ratio for the primary N + CHjy reaction quite different from
that of previously reported studies made at lower pres$tife28
The total rate constant measured at 338R2>28 js found to

AH=+59eV (03
—C"'+0+0+0
AH=+14.3eV (04)
rather than to the less endothermic channel
AH=+0.7eV  (O5)

In the 156-900 K temperature range* 46 or for collision
energies below few eV, 4733 the overall rate constant is almost
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constant or slightly decreasing with temperature or collision the source and injected in the first quadrupolar mass filter in
energy and its value lies between ¥210° and 6 x 10710 which they are separated from other ions with different masses,
cn? s~L The fraction of C@" products, however, strongly varies  in particular, from nondissociated,N(O,™) ions. They are then
with energy. Viggiano et al. have noted that all types of energy conducted by a first radio frequency (RF) octopolar guide to
seem to be equally efficient in promoting the endothermic the reaction cell, which constitutes the end of this octopole. All

charge-transfer channel and that it is the total amount of energyparts of the setup before the cell are held in high vacuum (in

that is the important paramet&r.
The Q" and CQ™ cross sections or rate constants for the

the range of 10° mbar in the source and 1®mbar in the first
octopole) to avoid unwanted relaxation by collision to occur.

metastable states have been derived from experiments where The reaction takes place in the cell with thermal (300 K)

mixture of states were present. Electrons of variable energy in
impact sources were used to produce thg*S) ground state

or a mixture of ground state and metastable states for kiloelec-
tronvolt collisions3* They estimated from monitor reactions that
the fraction of metastable species (30%) is composed of only
the O"(?D) state3* but this is reconsidered in another kiloelec-
tronvolt collision study?® Monitor reactions can also be used
as a filter to eliminate the metastable states froi(*S, 2D,

2P) mixtures®®36 This method has allowed for the study of the
reaction for either the ground statet@8), or for a mixture of
O"(?D, 2P) metastable states at therfiair kiloelectronvolt®
energies. For thermal energies;; @D, 2P) is found to react with
the same total rate constant as(¢8) but to produce almost
exclusively (95%) the charge-transfer product £& At

neutral target molecules, Gbr CO,. The isotopically labeled
I5N* and the deuterated methane have been chosen here to avoid
any mass overlap that would have occurred in*iNs" + CH,
reaction; therefor&N, (Eurisotop, France) and GRCambridge
Isotope Laboratories, Switzerland) gases with 99.4 and 99%
isotopic enrichment, respectively, were used as the precursor
and target gas. For the'O+ CO, reaction, no mass overlap
was expected, and regular research gradeg& was used.
However,13CO, gas was used because the experiments were
done in a short measurement session during the study ef ion
molecule reaction of3CO2T.

The voltage difference between the reaction cell and the
parent ion formation zone defines the parent ion translational
energy from which the mean collision energy in the center of

kiloelectronvolt energies, we note that the charge-transfer crossmass frame is derived. The translational energy distribution of

section seems to be lower for the metastable states than tha
for the ground stafé-3¢at all energies between 0.5 and 5 keV.

To produce pure population of‘Ometastable states, two of
the methods already presented aBbhave been used, but none
of them to probe the & and CQ* productions in the present
O" + CO; reaction. The one based on the dissociative charge
transfer of rare gas cations on®has been used to study the
dissociative charge transfer (O3) producing Céx collision
energies above 6 eV.

In the following section, after the general description of the
experimental setup devoted to the study of -@molecule
reactions, we will show how the dissociative photoionization
of N; or O, can be used together with the TPEPICO coincidence
technique to prepare Nor O™ atomic ions in well-controlled
internal and translational energy. It is applied here to the study
of the 1N*(3P, ID) + CD4 and O(*S, 2D, 2P) + 13CO,

the primary ion beam is related to the thermal motion of the N
(Oy) precursor, to the finite dimension of the photoionization
region in the source, where a uniform electric field is applied
to extract the photoions and to the transfer from axial to
perpendicular motion in the first quadrupolar mass filter. Its
width is the same in the continuous and pulsed acquisition mode,
which will be described below. The translational energy
distribution of the primary ion beam is derived from the
measurement of the primary ion yield as a function of the
reaction cell voltage and contributes to about 0.2 eV of the width
of the collision energy distribution (fwhm). Depending on the
mean collision energy, the thermal motion of the JC0,)
neutral target further enlarges this distribution. In principle,
another factor, specific to the atomic ion production that is used
here, should be considered. Because(N*) ions are formed

by dissociative photoionization, the kinetic energy release in

reactions. Our results will then be presented and discussed orN* (O*) fragments could modify the parent ion translational

two points of view, (i) understanding the influence of internal
and collision energy on the reaction mechanism and (ii) finding
the importance of metastable ions in ionospheric models.

Experimental Methods

The experimental setup, called CERISES (collisiori attien
d'ions séectionnes par electron de seuil) and the methods used
in this work to study state-selected iomolecule reactions have
already been described in detiP>5¢0nly the important points
will be presented here, focusing special attention on the method
used to produce state-selecteti &hd O atomic ions. Briefly,
it consists of an ion source and a quadrupaleuble octopole
quadrupole device.

A. General Considerations.Usually, when a stable neutral
M precursor is available, M molecular ions are produced in
the source region by the simple photoionization of M by the
monochromatized vacuum ultra violet (VUV) synchrotron
radiation. Here, to produce™and O ions, we have chosen to
use the dissociative photoionization of &hd Q, respectively.

To this purpose, we used the SA63 bending magnet beamline
on the 800 MeV Super-ACO storage ring to provide mono-
chromatized photons in the 227 eV (Nb) and 18-24 eV (Q)

VUV energy range. The parent atomic ions are extracted from

energy distribution. We will see below that it is not the case
here.

The ionic products are extracted from the cell and guided
along a second 42-cm-long RF octopolar device to measure the
product ion time-of-flight (TOF) distributions. TOF spectra are
obtained by the extraction of the parent ions from the source
either with a 800-Hz pulsed field (pulsed acquisition mode) or
in coincidence with threshold electrons (coincidence mode). In
the first case, the internal energy of parent ions is not selected.
After a calibration procedure, these TOF distributions are
inverted into product axial velocity distributions, giving very
important information concerning the reaction mechanisms. The
ionic products are mass selected in a second quadrupolar mass
filter and finally counted on a two-stage multichannel plate
detector.

B. Nt (O') State SelectionAt a given photon energyh,
above the limit of the M (M N or O) dissociative
photoionization, M™ and M" ions can be formed following the
process

M,+hy— M, +e =M "+M+e (1)

and the initial energyw is distributed according to
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hv — IP(M,) = E(M,") + E,(e7) = Dy(M™ — M) +

| |
25 1 2 3ar 3 4 56 b
EMT) +EM) + EM") +EM) +E(e) (2) o0 | 1 o~ I
X X
wherelP(M,) is the M, ionization potentialDo(M* — M) is 815 L 82 L
the My dissociation energy, arfel andEy are the internal and g é
kinetic energies, respectively. Moreover,hif is sufficiently 2109 -2
high, not only the first dissociation limit associated with ground- 8 5 8 " i
state M" ions and M atoms can be reached but also higher z ™ | ©
dissociation limits, associated with either excited*Mons or 0- L oA -
excited M* atoms. 240 250 260 270 220 230 240
For the case of N and Q dissociative ionization, the Photon energy (eV) Photon energy (eV)
dissociation limits important for this work are given in Table 1 Figure 1. TPEPICO spectra of N(a) and O (b) in the dissociative
together with their energies. photoionization of N and Q, respectively, recorded as a function of

photon energy with strong kinetic energy discrimination of the atomic
TABLE 1: N and O, Dissociative lonization Limits and fragment ions. The small vertical lines labeleddinaand 3-6inb
Their Energies Relative to the Ground State of the Neutral indicate the energy positions of the dissociation limits given in
Molecule N; or O, Table 1.

dissociation dissociation

When the photon energy is increased above 24.3 €VioNs

no. limit for N, E (eV) limit for O, E (eV) - . .

— s 2429 G US)TOP) 573 are p_ro<_1|uced with increasing recoil energy and are thus st(or!gly
% H*Elg)}:'\lil((“s)) 26.19 O(S)+O(D) 20.70 discriminated. At 26.2 eV, the onset for the second I|m|t,.
3 N'CPHN(D)  26.68  O(2D)+O(P) 22 06 N*(*D) + N(*S), a second peak is observed because, at this
4 N*(ISHN(S) 28.35 O(“S)HO(S) 22.92 energy, N ions are again produced without any recoil energy.
5 O"(3PH+O(P) 23.75 If the decrease in the Nyield measured below 26 eV is
6 O"(’D)+O('D)  24.03 extrapolated to 26.2 eV, the photon energy of the second peak,

it reaches the noise level. Hence, at 26.2 eV, almost pure

For energies above the first dissociation limit, if no selection production of N'(!D) metastable state is achieved. The number
of the photoelectron energy is performed, both ions Mnd of measured N counts is used to evaluate the statistical noise
M™ are produced. However, in a TPEPICO experiment, that is, level and leads to an estimate of the error in the internal state
if only the (My")* ions produced in coincidence with very low  population lower than 3% limited by the acquisition time. Hence,
kinetic energy photoelectrons are extracted, then all of the the N"(!D) population is greater than 97%. At 26.7 eV, we
available energyhv — IP(M>), is converted into internal energy  observe a third peak corresponding to the third dissociation limit,
of (M2*")* ion, which fragments. However, nothing prevents NT(P) + N(®D). This peak is also associated with the
several energetically accessible dissociation limits to be simul- production of ground-state N°P), but to produce it, it is safer
taneously populated; for instance, that is the case for the N to set the photon energy at 24.3 eV (first peak) to avoid any
dissociative photoionization that we have studied in a previous possible contamination from the'i¢D) metastable state.

TPEPICO experimerf. Hence, we showed that, in the photon The same behavior is observed for thgdase (Figure 1b).
energy range of 26:226.7 eV between the limits of the second  The two peaks labeled 3 and 5 correspond to the third and fifth
and third dissociation limits, N'D) + N(“S) and N'(°P) + dissociation limits, ®(2D)+0EP) and G (2P)+OEP), respec-
N(?D), about 60% of the bt* ions fragment toward the second  tively (Table 1). These two limits are known to be very
dissociation limit, thereby producing™D) metastable ions,  efficiently populated at their threshold in coincidence with
and 40% toward the first limit, N(°P) + N(“S), leading to  threshold electrons by dissociative photoionization gfrCthe
ground-state N(3P) ions. This shows that, with the TPEPICO region of the 1IPITu state of Q+.58-61 Between the two peaks,
technique alone, the dissociative photoionization of ddes  a much less intense structure is also visible and corresponds to
not allow us to produce pure state-selected figment ions. the fourth dissociation limit, O(“S+O(S). Again, if we
To select only one dissociation limit, and hence only oné M consider the signal levels at the maximum of peaks 3 and 5
state, a further discrimination of Mfragments according to  and just below each of them, one clearly sees that nearly pure
their recoil kinetic energy is necessary as shown by eq 2. population of G(D) and O(2P) metastable states can be
In the previous stud$, which was done in a different  produced if we set the photon energy at 22.06 and 23.75 eV,
experimental setup, all Nfragments were collected regardless respectively. If the number of measured Gounts is also used
of their recoil energy. Here, in the CERISES setup, a strong to evaluate the statistical noise level, then one can say that the
geometrical discrimination of fragment ions with recoil kinetic  purity of O"(2D) and O"(2P) metastable states produced on these
energy is made by using a weak extraction field (1.2 V/cm) two peaks is higher than 92 and 94%, respectively. The

and a small 2-mm-diameter hole at the source exit. production of O in its S ground state is achieved by setting
The result of such discrimination for the,KD,) dissociative the photon energy to 18.73 eV, the first dissociation limit.
ionization is shown in Figure 1 where the number of (O*) A comparison of this technique should be made with the other

ions extracted from the source in coincidence with threshold methods that have been used to produceoNO" metastable
photoelectrons is plotted as a function of photon energy. In the states. The first advantage over methods such as the one using
Figure, false coincidences, measured at each photon energy, havelectron impact with variable electron energy is that pure
been subtracted. populations of either the ground state or excited states are
For the N case (Figure 1a), a first peak is observed at about produced. Moreover, as just shown, the variation of the
24.3 eV, which is the onset of the,Ndissociation leadingto ~ TPEPICO M yield as a function of photon energy is a direct
the first limit, N*(3P) + N(“S). At this energy, N and N measure of the purity of the excited-state population; thus, we
fragments can only be produced without recoil kinetic energy. do not need a monitor reaction or the reaction to be studied
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miq Figure 3. Absolute cross sections of theN™ + CD, reaction for the

. . ) CDs", CDs%, DCN*, and DCND" products at a collision energy of
Figure 2. Product ion mass spectrum for th&* + CD, reaction at Ecv = 0.3 eV. All 15N+ parent ions produced by dissociative

a collision energy ofcw = 0.3 eV recorded at a photon energy of  photojonization which exit the source are allowed to react. As a function
25.1eV. photon energy, they correspond3® ground state or a mixing 6P
and'D state above 26.2 eV.
itself to extract an estimate of the population ratio between the
various states. reaction cell. The maximumNion yield is at 25.1 eV of photon
Another point of comparison comes from the fact that, as it energy. This efficient mode of acquisition, called the continuous
was described above, we need to discriminate between twomode, is very useful for a first exploration of the system.
populations of hot ground-state ions and cold excited ions to Because 25.1 eV is below the second limit of dissociation, all
achieve the state selection. This is also the case when dissociaN* parent ions are in théP ground state.
tive charge transfer of rare gases (R = He, Ne, and Ar) on The ion yield shown in Figure 2 is actually the difference
Oz in a radio frequency (RF) ion guide is used to produce state- petween two spectra recorded with the target gas put in the
selected O(*S?D,?P) ions®? In this case, they also take reaction cell or in the main chamber to get rid of the ions
advantage of the different translational energy distributions of ,roqyuced outside the cell. It is why tA&N* parent ion signal
O* product ions in th¢'S?D, and®P states. However, in this  goes not appear at massv¢) 15. As observed in previous
case, because all of the distributions have finite widths with gygies, the four main products of D) CD;*, DCN* (DNCH),
partial overlap, one has to find an optimum collision energy anq DCND" (D,CN*) are observed at masses 18, 20, 29, and
and an appropriate RF amplitude and frequency to allow the 31 respectively. The signal at mass 22 and 34 is attributed to
best discrimination between theé#hThis is not an easy task  cp.+ and GD.* products, which result from the secondary
because it strongly depends on a good a priori knowledge of reactions C* + CD,s and C* + CDy, respectively, as can
the reaction dynamics. Nevertheless, this was possible in thepe gemonstrated by varying the pressure of the target gas.
case of Q, for which they succeed in producing each of the pgcayse these reactions are very efficidithe pressure in the
07(*), 0'(°D), and O'(*P) states by charge transfer With'Ar || as kept low to avoid underestimating the £and CD*

Net, and He, respectively? The purity of the O(°D) state roductions. Another reaction, DCNt+ CDy, which is known
was more than 90% and was estimated to be between 85 a”‘fo efficiently produce DCND ions!” could have also altered
96% for the G (°P) state. _ the ratio between DCNand DCND" products for too large

Our present method has three advantages. First, the statepressures. Very low signals observed at other masses, such as
selected fragment ion has zero kinetic energy, thus it is much 17 gnd 19, could be attributed to Nand ND;* minor products.
easier to separate it from energetic ions. Second, the kinetic pfier the subtraction of thd3CDs* contribution to mass 19,
energy of all fragments is perfectly known. The third advantage Np,+ could only account for less than 0.5% of the products.

concerns the collision energy distribution, which is an important These minor channels will not be considered in the following.
parameter for the reaction dynamics. Because the state-selected

fragmef“. ion has no recpll energy, there is no broadenlng of estimate of the effect of Nparent excitation. In Figure 3, the
the collision energy distribution induced by the fragmentation . -

) L absolute cross sections for each of the four main products,
process, whereas when dissociative charge transfer of rare 9aS€S ~<ured at a collision ener@ey = 0.3 eV, are displayed as
on G is used, the @ ion products have some kinetic energy a function of the photon ener M use.d to ,creatb ihﬂsyThe
due to the exothermicity of the charge-transfer reactid. P 9y '

. S I cross sections were derived from the ratio of product to parent
reduce the translational energy distribution to 0.5 eV, they used ion intensities and from the measurement of the absolute target
a differential retarding potential meth&d. 9

. o as pressuré->>56The uncertainty on the absolute cross sections
However, not all states are produced by dissociative ioniza- gasp ty

. - is estimated to 25%.

tion; for instance, we have not been able to produce any . . .

N*(1S) state near 28.35 eV, the energy of the fourth dissociation S I theBpre_cedlng experiment, we know that below 26.2
limit NT(1S) + N(*S), in the dissociative photoionization of.k¢ eV only N*(*P) ions can be produced; therefore, in this energy

. . . 3]
Another drawback of the method is the inherent low signal 'ange, the values are actual measurements ofe(*P) +
associated with coincidence techniques. CD, reaction cross sections, and as expected, they do not vary

with photon energy. Above 26.2 eV, the second dissociation
limit is accessible. However, because no selection of the N
state is made in the continuous mode, parent ions are formed

A. I°N* + CD4 Reaction. 1. Continuous Acquisition Mode. in a mixture of N(®P) and N(!D) states. In this range, the
Figure 2 shows an example of a mass spectrum recorded at meameasurements correspond to an effective cross section for this
collision energy of 0.3 eV in the CM frame. mixed population. A strong variation is observed at thg'®)

In this experiment, the dissociative photoionization gfids onset for the CB" and CD;" ion products. Because only a
been used to produce the [darent ions. For a better sensitivity, fraction of N™ ions are in the excitetD state, the reaction cross
ions are continuously extracted from the source toward the sections for these two products can be predicted to be very

The continuous mode was also used to have a first qualitative

Results
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Figure 4. Absolute cross sections for the production of £DCD,",
DCNT* (DNCY), and DCND' as a function of collision energy for the
15N*(3P, D) + CD, reaction. In a, parent ions are prepared in tHe N
(®P) state in coincidence with threshold electrons at 24.3 eV photon
energy (full symbols) or in the pulsed mode (see text) at 25.1 eV (open
symbols). In b, parent ions are prepared in the('N) state in
coincidence with threshold electrons at 26.2 eV of photon energy. The
symbol correspondence is indicated in b only but is identical in a.

different for the excited N(*D) state reaction (much lower for
CDs" and much higher for CP). Whereas for the DCNand
DCND" products, the measured effective cross sections do not
vary much with photon energy, only a small increase is observed
above 26.2 eV for the DCN product. This tells us that N
excitation to'D is not expected to induce very strong variations
on the cross sections for DGNand DCND' production.

2. Coincidence and Pulsed Acquisition Modéen ground-
state parent ions are extracted in a pulsed mode, either in
coincidence with the threshold electron or not, there is a major
advantage. Indeed, all product ions are extracted, in particular

J. Phys. Chem. A, Vol. 108, No. 45, 20040003
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Figure 5. Time-of-flight (left) and axial velocity (right) distributions

of 15Nt parent ions and CP, CD,*, and DCND'" product ions for the
I5NT + CD, reaction at a collision energfcy = 1 eV. CDy™ and
DCND" products have been recorded for the reaction qfiR) ground
state and CB products for the reaction of N'D) metastable state.
Axial velocity distributions are given in the laboratory frame. In e, the
vertical dotted line indicates the expected velocity of parent ions. In
f—h, the vertical continuous line indicates the velocity of the center of

those that are backward scattered in the laboratory frame. ThiSmass, and the dashed lines define the product axial velocity range if

is achieved by pulsing the exit electrode of the first quadrupole
to reflect backward ions toward the detector. Taking advantage

the total kinetic energy is the same before and after the reaction.

of this, we used two modes to measure the absolute reactionus only recall here that it could be formed either from

cross section of N(3P) ground state, the coincidence mode and

dissociative charge transfer or Qransfer.

the pulsed mode. The coincidence measurements were made at For the N"(!D) + CD, reaction (Figure 4b), a drastic variation

24.3 eV of photon energy, which corresponds to theg®R)

in the cross sections with Nexcitation for CQ* and CDy"™

onset. The pulsed acquisition mode measurements were mad@roducts is observed as expected above from the measurements

at 25.1 eV of photon energy, which is below the("D) onset
and corresponds to the maximuni bn yield. The latter mode

in the continuous mode of the effective cross sections as a
function of photon energy. Indeed, a reduction in thesC&ross

was used because it gives a better signal-to-noise ratio than thesection by a factor 7 and an increase in the;CEross section

coincidence measurements.

For N"(!D) reaction cross section measurements, only the
coincidence mode was used at 26.2 eV of photon energy to
allow state selection.

Figure 4 shows measured absolute reaction cross sections fo
both the3P and'D states of!'>N* as a function of collision
energy.

For the N"(®P) + CD4 reaction (Figure 4a), both modes were
used atEcy = 0.36 eV and they give very similar results, as
expected. The reaction cross section decreaseswijjHor all
products except for CP, for which a small cross section almost
independent ofEcy is measured. DCN and DCND"™ cross

by a factor 5 are measured wher N excited into théD state.
Whereas for the DCNand DCND' products, relatively smaller
variations of the cross sections are observed. They are higher
than the ground-state cross sections by about 90 and 17% for
DCN* and DCND', respectively, and they also decrease with
collision energy.

Time-of-flight spectra and axial velocity distributions of
parent and product ions are shown in Figure 5. Because of the
cylindrical symmetry of the experiment, axial velocity distribu-

tionsP(v) of the reaction products can be derived from the time-

of-flight (TOF) distributionsP(t) after a calibration procedure
of distances and potentials. The most significant examples of

sections have the same collision energy dependence, which ighe TOF (Figure 5ad) and axial velocity distributions (Figure

indicated by data recorded in the continuous mode, not shown
here. This decrease with collision energy is a first indication
that DCN" and DCND" products come from the decomposition
of a long-lived complex. The absence of variation in the,€CD
cross section is compatible with a charge-transfer process. At
all Ecy values, CRT is by far the main product, and, even if
its cross section also clearly decreases iy, especially in

5e—h) in the LAB frame are given for 1 eV of collision energy.
The measurements have also been dore-at= 0.36 eV.

As expected for the decomposition of a long-lived complex,
the DCND' velocity distribution (Figure 5h) is symmetric and
centered around the center of mass velocity. However, the
distribution extends very far on both sides beyond the dashed
lines, which correspond to the maximum product axial velocities

the lowest range, its dependence is quite different and the crosswhen the kinetic energy of the reactants and products are the
section reaches a plateau above 1 eV. This more complexsame. Because the channel corresponding to the DCND

behavior of the CB' cross section will be discussed later. Let

production is very exothermic, it is not surprising that at least
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Figure 6. Absolute cross sections of the state-selecté(f$) 2D, 2P)

+ 13CQ; reaction. (a): In the coincidence mode as a function of O
internal energy aEcy = 0.36 eV, for @ (O) and CQ* (@). (b): In

the continuous mode as a function of collision energy for the ground-
state O(*S). oror is the total cross section summed over @nd CQ*
products €).

a fraction of the available energy is converted into product
kinetic energy. The same behavior is observed for DCN
(DNC™) products.

In contrast, the CB and C;* velocity distributions clearly
peak at low velocities in the LAB frame, indicating that these
products are emitted backward in the center of mass frame. Quit
similar distributions within our resolution are observed for
excited'D and ground statéP reactions for each of these two

products. These low velocity distributions are expected in the

case of a direct charge transfer (€D or dissociative charge
transfer (CR'). However, for CQ*, the distribution is also
compatible with an “D” transfer processes for which an

osculating complex of short lifetime has been already observed.

In such cases, the ND and @D product are expected
predominantly in the forward and backward hemispheres,
respectively

B. O + 18CO, Reaction. We also used two acquisition

(S]

Alcaraz et al.

to be Ecm) 047, slightly less steep than the capture cross section,
whereas the @ dependence is steepdicf) L

When the O parent ion is excited to théD or 2P states,
O,*" formation is not observed anymore By = 0.36 eV, to
the precision of our coincidence measurement. This means that
CO," is the unique product{95%) for the G (D) + CO, and
O™ (%P) + CO, reactions aEcy = 0.36 eV. At this collision
energy, the O(?P) reaction is about 60% more efficient to
produce C@' than the G(?D) reaction, which was itself already
60% more efficient than the @*S) reaction to make this
product. If we consider the sum over all products, the efficiency
ratio of O"(*S), O"(?D), and O (?P) reactions with CQ@is
1:0.85:1.40 aEcy = 0.36 eV. Because we are giving a relative
ratio here, the uncertainties are related to the relative uncertainty
of cross section measurements, which, here, is about 10%.

Discussion

A. 15Nt + CD,4 Reaction. We have seen that the four main
products can be clearly divided in two distinct groups according
to the two main classes of processes that account for their
production. On one hand, DCNand DCND" seem to result
from the decomposition of a long-lived complex, and on the
other hand, the C§ and CD* products are associated to more
direct processes. However, many important questions remain.
First of all, we have to determine the nature of the complex
and its decay into many competitive dissociative channels. It is
not clear either which of the two channels, the dissociative
charge transfer (N1or the D™ transfer (N1), is responsible for
the Cy™ production, and how both processes compete with
the non dissociative charge transfer (N2). Finally, one has to
describe the competition between the two main classes of
processes, and especially here, what the role of parent ion
excitation is in these processes. These points will be discussed
in the following. But let us first compare our results to what is
already known about this system.

1. Total Reaction Cross Section and Branching Raioall
collision energies at which the cross sections of the four products
were measured, either in the coincidence or in the pulsed mode,
the sum of these four values was calculated. It should closely
represent the total reaction cross section because these four
products are, by far, the major ones. By multiplying the total
cross section by the reactant mean relative velocity, it is
converted into the total reaction rate constant. These values are

modes here, the coincidence and continuous modes. Thereported in Figure 7 as a function of collision energy.
coincidence mode was used at the photon energies 18.73, 22.06, \when we evaluate the dependence on collision enEegy

and 23.75 eV to prepare *Oions with pure“S, 2D, or 2P
excitation, respectively, but for only one collision enerBywm

of the total cross section with a functional for{Ecy)®, the
value found for thex is very close to-0.5. Such a dependence,

= 0.36 eV. The continuous mode with photon energies below typjcal of the Langevin cross section that describes the capture
the first excited dissociation limit was used to look at the process, is shown by the dotted line in Figure 7a. After

O+(4S) reaction at other collision energies from 0.1 to 3.3 eV. Conversion, it Corresponds to a rate constant Of(]:H)_lo Crn3
The reaCtiOI’l Cross SeCtionS measured f0r the two Observeds—ll Shown in F|gure 7b At 300 K’ rate constants reported in
products, G" and**CO,", are displayed in Figure 6. the literatur@>28 for the N + CH, reaction range between
For the O(*S) reaction, we see in Figure 6b that, at very 9.4 x 1071%and 14x 101°cm?’ s7%, and the Langevin cross
low collision energies, only & products are formed, as section itself, which represents the maximum cross section for
expected, because the charge-transfer channel (02) is endoa capture process, is 4 10710 cm? s~1. Our value is slightly
thermic by 0.2 eV. The small amount of GOproducts at the higher than these values and is 25% higher than the recom-
lowest collision energy is the result of our collision energy mended valué® 12 x 10-°cm?® s™%. The difference is, however,
resolution. As collision energy is increased, theg @oss section within the uncertainty of our absolute measurements.
strongly decreases, which is indicative of a product coming from  The branching ratio between the four major productsCH
the decomposition of a long-lived complex. At the same time, CH;7/HCNT/HCNH™ for the N" + CHj, reaction have been
the CQ ™ becomes very rapidly the major product, meaning that reported in the literatur&:192528 The evaluated values, 0.53:
the collision energy overcomes the 0.2 eV endothermicity. The 0.05:0.10:0.32, which are used in planetary ionospheric models,
total cross sectiongtor, summed over the two products is were measured at a temperature of 308 &d are shown in
displayed in Figure 6b. Its dependence on collision was found Figure 8 together with the branching ratio for 8™ + CD,
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collision energy, 0.36 eV, are 0.51:0.11:0.09:0.29 and 0.58:0.07:
0.09:0.26, respectively, in good agreement with the McEfvan
values, indicating that there is a negligible isotopic effect.

For excited N'(!D) ions, the C@" and CD}* branching ratios,
which also increase with collision energy, are smaller than for
the ground-state N3P) case, and on the contrary, the DCN
and DCND' branching ratios are higher. Acy = 0.36 eV,
the branching ratio is 0.09:0.40:0.18:0.33 meaning that the
(CDs* + CD4")/(DCNT + DCNDY) ratio is equal to 0.62:0.38
and 0.49:0.51 for the N®P) and N (!D) reaction, respectively.
But the major effect of N excitation is a complete reversal of
the CO;*/CD,* ratio from 4.5:1 to 1:4.7.

Only one work, to our knowledge, reports branching ratios
for the reaction of metastable state '8N+ ions with CH,.2”

The authors estimate that the" opulation is constituted by
70% of N*(3P) ground state and 30% of an unknown mixture
of the first three metastable statest("D,'S?S). For the
metastable population only, they infer a product distribution
CH3™/CH;T/HCNT/HCNH™ equal to 0.2:0.1:0.3:0.4. It is dif-
ficult to make a direct comparison of this value to ours,
considering the uncertainty of their metastable state composition.
However, their ratios ((Ckt + CH4")/(HCN' + HCNH') =

Figure 7. Total cross sections (a) and rate constants (b) summed over 0.3:0.7 and CHf/CH4™ = 0.2:0.1) suggest that other states than

CDs", CDs+, DCNT, and DCND' products for thé>N™* 4+ CD, reaction

as a function of collision energ¥N*(°P, D) parent ions are produced
in coincidence with threshold electrons (full symbols) or in the pulsed
mode (open symbols). The dotted curve in panel a followsEag)( /2
dependence and corresponds to a rate constant ef 16° cm?® st
(dotted horizontal line in b).
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Figure 8. Product branching ratio Gf/CD,*/DCN*/DCND" for the
15N* + CD, reaction with the same notation as that in Figure 4. The
corresponding nondeuterated values evaluated in the literfdtéoe,
the N*(3P) + CH, reaction at a temperature 300 K, are shown at low
energies by a dashed line in a.

0.0 0.2

reaction measured in this work as a function of collision energy

and parent-ion excitation.

For ions in the ground-state ™ fP), one sees in Figure 8
that the major effect of collision energy is to favor the products
issued from the direct processes, £and CO;*, at the expense
of the products coming from the long-lived collision complex
decomposition, DCN and DCND", as expected. The values

the ID state might have been populated in their experiment.

2. Long-Lived ComplexWe have shown that the observations
made for the DCN(DNC") and DCND" (D,CN)™ products
suggest that they result from the decomposition of a long-lived
complex. This is not surprising because their production implies
the formation of a new €N bond. Two stable ions CiMH,+
and CHNHT which lie 11 and 10 eV below the entrance
channel N + CHy, respectively, are good candidates to be such
a complex.

A fit with the A(Ecy)® form of the dependence of DCN
and DCND' cross sections witkcy, gives a value ot equal
to —1.5 for the NF(3P) reaction, much steeper than that for the
Langevin cross section. The difference here is probably the result
of the strong competitive processes that lead directly tg"CD
and CD* products before the formation of such a stable
complex, which are relatively more efficient at higher collision
energies.

We measured that the dissociation of the complex leads
essentially to DCN(DNC*) and DCND" (D,CN)* production
in a 1:3 ratio. If we consider only the lowest channels that lead
to these products, DNC+ D, + D (—2.4 eV), DCN + D, +
D (—1.4 eV), DCND" + D, (—8.8 V), and BCN* + D, (—5.5
eV), one sees that the DCNOXD,CN)* production is by far
the most exothermic and one could have expected an even lower
DCN'/DCND" ratio. A complete statistical calculation of the
complex dissociation would be highly valuable to make a
reliable prediction of this ratio. To this purpose, other channels
have to be considered, for instance, the two channels associated
with DCND™ (D,CN)* triplet state$> DCND "+ D, (—3.3 eV),
and DCN™*+ D, (—3.2 eV), which are less exothermic.
Moreover, sequential dissociations have to be included as well
through the three following schemes

(NCD,))" — (NCD,)" + D,— (NCD)" + D+ D, (S1)
(NCD,)"— (NCD)" +D — (NCD)" +D,+D (S2)
—(NCD,)"+D+D (S3)

Note that the (NCD) + D + D + D channel, which is
endothermic by more than 2 eV, cannot be reached, which

for the coincidence and pulsed experiments at the lowest explains why scheme S3 ends at (NgD+ D + D.
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CH," +H+N(P) which is a much less steep decrease than the Langevin cross
3 — . L section. A similar behaviorHcy) =13, is observed for the Kr
, ] N'('D) + CH, CH," +N(°P) CH, +H+N(D) i + CH, charge transfer, for which a resonant charge-transfer
1 - o TN(ZD) . . model reasonably accounts for this dependé‘ﬁcﬂlgrefore,
< 7 4 + —
S N N (3P)_+CH4 .« *NC 2:3’%:;:1 ;)) CH +HANCS) | ':Faen;):)esrerved data is very compatible with an efficient charge
+ —_— .
E -1 . 4 | — 1 - We also looked to see if the GEYCD,4 ™ ratio is compatible
CH, +N('s)  CH,’ +NH(a'a) with such a mechanism. To discuss this point, it i ful
2 — —_— L . point, it is very usefu
3 CH," + NH(EE) | to compare it to the ratio of dissociated to undissociated products
— CD3;"™/CD4* following the CDy™ fragmentation as a function of

(N2) (N1) (NT) its internal energy. This information is known from the
Figure 9. Energy diagram of the N°P, 'D) + CH, reaction for the  TPEPICO study of the dissociative photoionization of mettfane.
entrance and N2, N1, and Naroduct channels. In this study, the energy for the crossover of thesCB D
and the CI@* curves in the C™* breakdown diagraff is at
14.3 eV above the Cpground state. Above this energy, ¢D
rapidly dissociates into CP* + D. Because the recombination
energy of N is 14.53 eV, if we assume that all GDions
come from the dissociative charge transfer, then the 0.82:0.18
ratio observed for the N3P) reaction would correspond to an
equivalent dissociation of CP* at 14.4 eV. This means that a
near-resonant charge transfer betweeh ahd CO, that is
exothermic by only 0.1 eV is compatible with the observed ratio.
At the other extreme, if we suppose that all £RBharge-transfer
products remain undissociated, then it would correspond to a
charge transfer that is exothermic by more than 0.3 eV. The

Effect of N*(1D) Excitation. Very surprisingly, the DCN
and DCND'" products are favored by the parent ion excitation
by more than 30%. Because the DChhd DCND" productions
are linked to the complex formation, which is, as already
mentioned, in strong competition with the direct processes, the
DCN* and DCND' variation could thus result from the effect
of the N"(1D) excitation on the charge transfer and Dansfer
processes as discussed below.

3. The CR'/CD, Channels.The two points that are
important to discuss here are whether s formed by the
hydride abstraction reaction (N1) or by the dissociative charge-

g%ni];g[;iaft't?n (N1 ?n: EO\: I?QXDIS'EttPie\;OI#US nnothh:a comparison with the K charge transfer with CHs also useful
s 4" falio as a function of N parent ion excitation. For - ¢, s giscussion because the () recombination energy,

this purpase, an energy diagram restricted to these channels 'N4.53 eV, is between the two recombination energies, 14.0 and
shown in Figure 9, which includes the levels associated with 14.66 e\’/ of the Kf spin—orbit states,?Pyp and 2’P1/2'

. > .
the excitec?D and?P states of the neutral atom N and the first respectively. The Kr + CH, reaction has been extensively

thrlf?sec)l(ggregr(frfttise S\to’:lli-iéf Kunusoki and Ottina®2 who studied for statistical mixtures of the spiorbit state$°58.%%or
get; with selection of these statéd’! It was found that the charge

A LT .
?h?mgs;azegkﬁh?e':gfﬁ th ;i tzhe) ;h:tr)gltlrl:gtligisfg?:r?ng transfer is near resonant and populates a range gf @iternal
N ’ energies of+0.5 eV around the Kfr recombination energy

s e i on POJUING CH and Ci” ons essently i he backvat
y prop P ' 9 hemisphere. At thermal energies, the"®Ps/,) reaction leads

1.6 up to 5 eV in the center of mass frame, compatible with to undissociated CH products ,and the K(?Py/,) reaction leads

their obs.erv'atlo.ns of the internal (rotational anq V|brat|o.nal) to a 0.9:0.1 ratio of dissociated to undissociated products’CH
energy distributions of the NH@LI) product. The first step is CH4". An intermediate ratio of 0.3:0.7 is found for a statistical

the charge transfer from GHo N*, and in the second step, the . . . o

resultinggN atom takes away one H atom from the ti))nized population of the two Kfr.spln—orblt states? but it Increases

methane to form NH(AII) in a stripping mechanism with no '.(O 0'4:0'6. a.u 2evof CQ"'S'On energy. For theﬂGP?”z.) reaction,

momentum transfer. This would lead to §Hproducts scattered if the collision energy is large enough, then there is also a much
: more isotropic CH" production by an inelastic dissociative

in the backward hemisphere relative to the parent ion as charge transfer in which translational energy is converted into
observed in this work for the G product. The NH could also 01219 90 Thi ; °Tay
internal energy? This process is less efficient than the near-

be formed in a lower state as for example in its ground-state .

NH(X3Z"). However, the mechanism proposed for the formation resonant charge transfer. At l'% eV, for instance, t.thH

of the NH(AIT) chemiluminescent state, might not be the same tcr?mpone.nt. re%rgc’s/ergt; ab(é‘lg 15{;’ Oftsgg%(ﬂ%@ t'r eac;tlc\)ng;.

for the ground-state NHEE™), whose formation is exothermic € remaining ©5v being products.” Dur rafio ot ©.6z.
0.18, which is quite constant with collision energy, is intermedi-

by more than 3 eV. Therefore, it is more difficult to predict ]
w¥1ere the CH" products associated with NHZX") woulg be ate between the Ki*Py;) and Kr'(*Py;) values given above
but closer from the latter, which is consistent with the

scattered. Moreover, in this work, only relative cross sections . ) o
are measured for the production of the NA[B chemilumi- intermediate value of the Nrecombination energy, 14.53 eV.

nescent stat®3! therefore, we cannot estimate the total ~S@asummary,the CDICD;" ratio is compatible with a near-
efficiency of th’e N1 channél only from these observations resonant charge transfer and suggests that the dissociative charge
However, it is clear from our work that the charge transfer transfer (N1) could be the major channel to produce £ons.

that also occurs as the production of £Dwhich is observed, The most striking effect of N excitation in the'D state is
can only be accounted for by the non dissociative charge transferthe reversal of the C§ and CIy" productions. If we assume
(N2); therefore, it is important to discuss whether the dissociative that the CQ** ions have already enough energy to fragment
charge transfer (N1 could also contribute to the GbD in the ground-state reaction, then it is surprising that when 1.9
production. eV is added by the Nexcitation CD™ ions are not completely

The time-of-flight and axial velocity distributions shown in  dissociated. However, for both processes, (N1) and (N2), an
Figure 5 for CQ* and C}* and the large value of their ~ analysis of the spin conservation rules should be made first.

summed cross section suggest a near-resonant charge transfer. For the H™ transfer, it is believed that the spin conservation
Moreover, this sum varies with collision energy &) %23, rule is respecteé’3! For the N"(®P) + CD, reaction, the



N* and O State-Selected lenMolecule Reactions J. Phys. Chem. A, Vol. 108, No. 45, 20040007

entrance channel is a triplet surface as is the observed exit I

channel, ND(AIT) + CDs" and also the ground-state level, 10075 _,.'e,-',.:'%"""‘-'”"'—e =
ND(X32") 4+ CDs™. The Nf excitation implies that the entrance e R et L5 2
channel is now a singlet surface, which cannot lead to the triplet %450 -4 ke Ratio CO )14 4
surfaces ND(X=~, A3IT) + CDs*.3031However, there are two F404 Ma O Ratoo. [ 2 3.
ND singlet states,’& and B, that lie between the X and A 'xzo 182 e N
states (Figure 9), which could be populated according to the 0] ‘ ) w"‘j"t”g-'»,,..‘...,._g
spin conservation rule in the™!D) + CD, reaction. 0'0' o '1 '0' o '2'0' o '3'0'

Whereas for the charge-transfer processes N2 aridthid Ecm (V)

LT 3 S
situation is different. In the N(3P) recombination, doublet and Figure 10. Branching ratio (dots and left scale) betweert @nd CQ*

quartet states of I\zl ar2e allowed to b_e forme(il, In partlcqlar, the products and total rate constagbr (full line and right scale) for the
lowest levels N{S, ?D, 2P). However, in the N(*D) recombina- O*(4S) + CO; reaction as a function of collision energy.

tion, because only doublet states can be formed, the recombina-

tion toward the ground-zstate #&) is now forbidden and only il be discussed in view of what was previously stated for
the excited states RID, 2P) are aIIowed+to be formtid. Thus,  this systen® at least for energies below a few eV, namely,
the two channels CD + N(*S) and CR" + D + N('S) are - the energy has a relatively small effect on the overall
spin forbidden from the N(*D) 4+ CD,4 entrance channel, only efficiency of the reaction

thg upper channels assoqateq vynh’-[l)@( or N(P) would be - any kind of energy has the same strong effect on enhancing
spin +a||owecl. For the non+d|ssom?t|ve charge transter (N.Z)’ theseyq branching ratio into the charge-transfer channel (O2) leading
CD,* + N(*D) and C?‘ + NCP) levels are energetically ¢, co,+ at the expense of the O1 channel leading 6.0
accessible from the N'D) + CDs entrance+channel, bZUt for As observed in the literature for the ground-state reaction,
the d|SSSC|at|ve chazlrge transfer (Nihe CLy + D+ N( D). we have seen a steep decrease in thepgPoduct cross section
and C3* + D + N(°P) levels are not energetically accessible. with collision energy (Figure 6). It follows &)1 depen-
Thus, the near-resonant nondissociative charge transfer (N2) isdence which has to be compared with tB 5 and Ecy)~ 2

still possible, but the dissociative charge transfer'jNikeeds depen,dence observed forOproduction by Paulson et 4.

at least 0.3 eV collision energy to be converted into internal nd Flesh et &, respectively, and to the)\-16 (i.e., €) 9
energy, which makes this process much less efficient, as repo”ecﬁependence obéerved by Johiwsen & @ilthough it is, not clear

for the Kr* +.CH4 reaction® Thus, with N excitation, the if it is for the O' disappearance cross section or for the O
strong reduction of the Nilchannel seems to explain the production cross section). This deviation from the Langevin-
obsgrved_ decrease of GD products and increase of the capture cross-section dependence can be accounted for by the
undissociated charge-transfer products ;GDvell. CO," production increase observed at the same time because
Moreover, if some of the remaining GDproducts observed  the total cross section almost follows a Langevin dependence
in the N"(*D) + CD, reaction would still come from the N1 (the exponent is-0.47 instead of-0.5).
channel, then their velocity distribution would not be peaked gy myltiplication by the mean relative velocity, the total cross
in the backward hemisphere as observed but much moregection is converted into the total rate constant, shown in Figure
isotropically as that for the Kr+ CHj reaction?® therefore, it 10 |t varies slowly over a collision energy range of 3 eV, around
is most probable that this remaining fraction of £broducts a mean value of % 1019 cm?® s, which is slightly below the
comes from the D abstraction channel (N1) only. If the range of values, 6 to 1 10710 cm® s%, found in the
decrease of CP products with N excitation is interpreted as  |jierature3s.37-45.47-52
the closing of the N'lchannel, then it is reasonable to think In contrast, the branching ratio between thg" @nd CQ*
that, for the ground-state NfP) reaction, a comparable and o4y cts varies rapidly with collision energy, as seen in Figure
small amount of CB" products is due to the N1 channel, which 14 CQ* production is expected because the charge transfer

has no reason to be strongly affected by theéxcitation as endothermicity, 0.16 eV, can be, in part, overcome by collision
discussed above. energy or by internal energy, according to Viggid&ad it is

To summarize, it seems that the near-resonant charge transferassumed that the reaction proceeds through a long-lived
which can occur even at very large impact parameters, complex, as it is suggested by the product ion energy distribution
dominates. To explain the lower efficiency of the N1 channel, for energies lower than 0.8 eV (ref 17 in ref 37), then the,€CO
it could be possible that the D transfer occurs, following the ratio is surprisingly strong, in a statistical point of view that
charge transfer, only at smaller impact parameters. Apart from energetically favors the £) channel. A transition-state-theory-
the competition between the N1, N2, and'Nhannels, N based modeling of this reacti¥nhas incorporated a constant
excitation also reduces the overall efficiency of these processesintersystem crossing rate constant of abowt 10t s~1 for the
compared to that of the N3 and N4 channels. It is possible that transition from a quartet to a doublet gOcomplex because
the competition between the formation of the complex and the this intersystem crossing is a prerequisite to the production of
charge and D transfer is more in favor of the former, which the low energy product £ + CO, which is a doublet. With
would explain the relative increase of DCNand DCND the inclusion of this intersystem crossing rate constant of
products with N'(*D) excitation; for instance, the near-resonant adequate magnitude, the model reasonably predicts the rate
part of the Kr” + CH, total (nondissociative and dissociative) constant and the branching ratio for energies below 0.8%V.

charge transfer is known to be much less efficient for &Py/2) In Figure 10, note that at larger collision energies, above 2
than for Kr" (°P3),% although these two states are separated eV, the CQ* branching ratio does not vary by more than 10%
by only 0.66 eV. because it is already close to 100%, and the charge transfer
B. Ot + CO; Reaction. The principal results of this work,  cross section, which is close to the total cross section (Figure
particularly the measurement of the cross sections fdrand 6.) slowly decreases. It is not expected that, extrapolated to 5

CO," production for each of the two pure metastable states eV collision energy, the efficiency of the charge transfer would
O™ (?D) and O°(%P), which was done for the first time here, be much higher. For the three state-seleé®#D/?P reactions,
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TABLE 2: Recombination Energies (eV) of Initial O*(*S,
2D, 2P) States to Final Neutral O€P, 1D, 1S) States and CQ
lonization Energies from Its Ground State to the Three
CO," Excited States, XIlg, A?I1,, and B?X,".

initial O™ state

final O state 1S D P
p 13.618 16.943 18.636
D 11.651 14.976 16.669
1S 9.428 12.753 14.446
final CO,* state X1, A, B2=,*
E (eV) 13.776 17.310 18.065

Alcaraz et al.

is very sensitive to the nature of the initial and final states and
to small energy defects between them. A very clear example of
this, for the reaction of Nwith methane, is the very surprising
reversal of dissociative to nondissociative charge transfer when
the NF ion is excited from théP ground state to the metastable
1D state, even though this excitation brings 2 eV to the system.
This is because, for the N)* + CH, reaction, among the
exothermic channels, the two nondissociative charge-transfer
channels Ch" + N(?D) and CH" + N(?P) are spin allowed
and that the dissociative charge-transfer channej'CHH +
N(*S) is spin forbidden. In this case, the spin conservation rule
in the recombination step makes the reaction very sensitive to
the initial state. For the Oreaction too, it is very surprising to

whose excitation energy are 0:3.3:5 eV, the ratios of the crossSee that the charge transfer so rapidly overcomes its endother-
sections, measured at 0.36 eV, are 1:0.85:1.40 for the total valueghicity and becomes by far the major process. It has been
and 1:1.61:2.63 for the charge transfer only. These values aresuggestett that, within the complex, an intersystem crossing

not predictable by a model in which the electronic energy plays

rate constant between the quartet surface of tHe4OCO,

the same role as any kind of energy. In a statistical model, suchreactants and the doublet surface of the @ CO products is

as the one used for tH& reactior?* the reaction of O in the
doublet state3D or 2P no longer requires an intersystem crossing
to reach the doublet £ product channel. Thus, such a model
would predict a higher fraction of £ products than it would
for the S reaction in complete contradiction with our measure-

ments. We believe that the dynamics are different when the

system starts from the excited surfacé(@, 2P) + CO..

necessary to understand the fast increase in the charge-transfer
CO." product with energy. Our results for the charge-transfer
O*(°D) and O (?P) reactions with C@show, however, that for
this reaction also, the charge transfer is probably sensitive to
energy defects and the nature of the states.

These reactions are also of great importance for the chemistry
of Titan, Mars, and Venus’' ionospheres, where long-lived

It is reasonable to think that other parameters are driving the Metastable N and (3 iolns can be formed and can react. For
reaction and especially the charge transfer, such as energythe reaction of N(°P, D) with methane, at least for low
defects and vibrational Franck Condon factors with all possible collision energies, the excitation t® state does not change

final states. All recombination energies of @S, 2D, 2P) states
to neutral OYP, 1D, 1S) states are compared in Table 2 with the
ionization energies of C&rom its ground state to the first three
excited states of CO, X?I1g, A?I1,, and BX,".

The charge-transfer reaction front @ the?D and?P excited

the total rate constant much but strongly affects the branching
ratio between products. For this reason, the state spétific
reactivity should be considered in models, as long as its
population is large enough. For long-lived metastablg?D,

2P) ions, both the efficiency and the branching ratio between

states has quite different energy defects than those from theProducts are dependent on' @xcitation. However, collision

O™ ground statefS; for instance, théD recombination to the

3P is not sufficient to reach the2h, state ~0.37 eV), and its
recombination to théD is above the X, state (1.2 eV).
Whereas théP recombination to théP is just above the &,
state (-0.57 eV), and its recombination to tA8 state is just
above the Xl state (-0.67 eV). By also considering the
energy defects between Génd CQ™ individual vibronic levels
and their overlaps (Franck Condon factors), this could give an
explanation of the much larger efficiency of the charge transfer
relative to the complex formation products for the @D, 2P)
reaction.

Conclusions

We have shown that dissociative photoionization efaxd
O, associated with threshold photoelectrgrhotoion coinci-

energy is also important to consider for models because a non-
negligible fraction of the N or O" ions in these ionospheres
can be formed with high translational energies from fast
N2t (O21) or N2+ (0,2™) dissociation. Because the distributions
of such translational energies extend beyond 5 eV, we have
not yet explored the whole collision-energy range that would
be necessary. For energies up to a few electronvolts, it is already
clear that the branching ratios are very dependent on collision
energy.
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dences (TPEPICO) is a good method to produce state-selected

atomic ions, such as™N'D) and O'(?D, 2P), if a discrimination
on atomic ions produced with recoil energy is applied. The main
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