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Isotope Exchange in Ionised CO,/CO Mixtures: The Role of Asymmetrical

C,0;" Tons

Giulia de Petris,*'*! Antonella Cartoni,”™ Marzio Rosi,"”’ Anna Troiani,?!

Giancarlo Angelini,! and Ornella Ursini'*

Abstract: A hitherto unknown, atmospherically relevant, isotope-exchange reac-
tion was studied in ionised gaseous mixtures containing carbon dioxide and mon-

oxide. The mechanism of the O exchange, proceeding over a double-minimum po-
tential-energy surface, was positively established by mass spectrometric and theo-
retical methods that also allowed the identification and characterisation of the
C,0;% intermediate. The increase of internal energy displaces the observed reac-
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tivity towards an endothermic reaction path that involves only CO, and represents

an indirect route to the dissociation of carbon dioxide.

Introduction

Although the importance of ionic processes in terrestrial
and planetary atmospheres and the strong link with neutral
chemistry have long been recognised,!! the interest of at-
mospheric chemistry researchers in the reactivity of carbon
oxides has concerned for the most part neutral species.’

As a part of our interest in ionic processes relevant to at-
mospheric chemistry,”! we employed mass spectrometric
techniques to study the reactivity observed in ionised mix-
tures containing CO, and CO, jointly present in several con-
texts of atmospheric relevance. The investigation, also im-
plemented by theoretical calculations, disclosed an effective
O-exchange process in the reaction of CO," with CO, and
led to the detection and characterisation of the C,O5" inter-
mediate. The obtained results have a bearing on the issue of
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isotopic enrichment of CO, and CO, observed in the atmos-
pheres of Earth and Mars,” and are generally relevant to
“charged” atmospheric environments where CO, and CO
are present. lon-neutral reactions are known to deeply
affect the bulk composition of the tiny atmosphere of Mars,
where CO,* is one of the most abundant ions, and CO is
counted among the major components.”] Likewise, ionic
processes occur in the Venusian atmosphere by lightning
discharges in CO,, providing high local concentrations of
CO in a truly “charged” environment.”!

Unlike Mars and Venus, where CO, is the major atmos-
pheric component, the Earth’s atmosphere contains only
minor amounts of carbon dioxide, although it is one of the
most important greenhouse gases. Such a difference has
been traced to diverse evolution from the primitive atmos-
pheric composition, that of the Earth being specifically
aimed at sustaining life. However, the concentration and dis-
tribution of atmospheric gases can be changed as a result of
human activities: the average increase of CO, levels from
biomass burning, deforestation and industrial activities is
evaluated to be about 3.3 GtCyear ' and the effects are
more readily evident for less abundant components, such as
carbon monoxide, which reaches high local concentrations
in localised urban or industrial areas.”” Thus progressive
modifications of the carbon oxides budget might significant-
ly affect the picture of ionic processes that occur in the
Earth’s lower atmosphere by galactic cosmic rays, UV radia-
tion and lightning. Moreover, anthropogenic agents promote
ionic processes that also involve excited species, for exam-
ple, coronas along high-voltage power lines.

In summary, the observed reactivity will hopefully con-
tribute to a more complete description of the reaction path-
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ways relevant to atmospheric models and to a better under-
standing of those involving non-thermal or excited species.

Results

Formation of C,0;": Earlier mass spectrometric studies of
CO, containing small amounts of CO identified the ligand-
exchange reaction between (CO,),* and CO as a route to
C,0,7.B1 On the basis of the literature available to date,
CO,* is apparently unreactive toward CO.”) We re-exam-
ined the reaction between CO,* and CO in ionised mixtures
containing variable amounts of CO.

FT-ICR mass spectrometry: *CO," ions were generated by
electron impact in the first cell of a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer. They
were isolated by selective ejection techniques and, after a
suitable “cooling” time of 1s, they were transferred to the
second cell and allowed to react with CO, at a pressure of
1-2x107" Torr. The isotope exchange reaction given in
Equation (1) was observed.

BCO," +CO — CO + CO,* (1)

The rate constant of this reaction at 298 K is k; = 1.23+
0.10x 107 cm*s ' molecule *, which corresponds to a colli-
sional efficiency kgk.; of about 13%. Experiments per-
formed with C®0,* and CO demonstrate that the CO,*
ions from reaction (1) undergo further isotope exchange. As
shown in Figure 1, the initially formed OC™O™ ions react
with CO eventually giving CO,™ [Eq. (2)].

C"0," + CO(C*0) + OCHO™%(C*0) + CO,*  (2)

Table 1. CI spectra of CO, and CO,/CO mixtures.
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Figure 1. Time profile of the reaction of C*0,* with CO (m C"0O,", o
CH00+, @ CO,™).

The measured rate constants, k,, and k,,, the latter ob-
tained by reisolating the OC'3O™* product ion, compare well
with k. The occurrence of these reactions points to the for-
mation of a transient C,O;" intermediate; however, this in-
termediate cannot be efficiently stabilised in the low-pres-
sure regime typical of FI-ICR experiments. The same ex-
periments were performed by isolation of CO*, which ex-
clusively undergoes charge transfer, a process efficiently oc-
curring at the collision rate (k = 10~ cm®s 'molecule™!).[!"

CI mass spectrometry: In the high-pressure source of a mul-
tisector mass spectrometer, the C,0;" ions, likely intermedi-
ates of reaction (1), were stabilised and observed in the
pressure range of 0.05-0.2 Torr. They were obtained by
chemical ionisation (CI) of a CO,/CO mixture, according to
reaction (3):

CO,* C,0,* Other peaks
Mixture miz(ion)I[%] mlz(ion)I[%]
Cco,
44(C0O,*)100 72(C,05%) <1 16(0*)1, 18(H,0%)9, 19(H;0%)2, 28(CO*)1,"1 29(COH )1, 32(0,*)9,
45(CO, H*)8, 46(CO H,0%)2, 88((CO,),*)1
P = 0.05 Torr 44(C0O,*)100 72(C,05%) <1 16(0*)4, 18(H,0*)10, 19(H;0%)1, 28(CO*)6,” 29(COH*) < 1,19 32(0,%)5,
45(CO, H*)9, 46(CO H,0*)2
CO,/COM
HP CO 44(CO,*)100 72(C,0,4)1 16(0%)2, 18(H,0%)5, 19(H;0%)6, 28(CO*)54, 29(COH )29, 32(0,%)3, 40(C,0*)2,
45(CO, H*)5, 46(CO H,0%)3, 56((CO),*)9, 57((CO),H*) < 1, 68(C;0,*) <1
HP CO, 44(CO,*)100 72(C,0,)1 16(0*)1, 18(H,0*)10, 19(H;0%)2, 28(CO™*)2, 29(COH )4, 32(0,*)11,
45(CO, H*)8, 46(CO H,0%)2, 88((CO,),*)2
Cco,/Pco
HP CO 44(CO,*)100 73(3CCO5*)1 16(0%)3, 18(H,0%)9, 19(H;0%)35, 28(CO™*, N,*)2," 29(3CO+)28,
45(1*C0,*)591 74(*C,05;7) < 1 30(®*COH*)70, 32(0,%)14, 42(*C,0%)1, 46(CO H,0%)4, 47(CO H,0%)6,
57(CO BCO™*)2, 58((PCO),M)14, 71(*C,0,) < 1
HP CO, 44(CO,™)100 73(3CCO;M)1 16(0+)1, 18(H,0%)11, 19(H;0%)8, 28(CO*)2,! 29(1*CO+)3,
45(8Cco,M11 72(C,05H) <1 30(BPCOH™)20, 32(0,*)13, 46(CO H,0*)3, 47(*CO H,0*) < 1, 57(CO"*CO*)1,
58((°C0),*)2, 88((CO,), )1
Bco,/co
HP CO 45(*C0,*)100 73(3CCO5*)1 16(0%)3, 18(H,0%)7, 19(H;0%)9, 28(CO )29, 29(COH*)50, 30(*COH *)3,l!
44(C0,*)59 72(C,0,) < 1 32(0,%)9, 40(C,0*)1, 46(CO,H*, CO H,0%)6,
47("*CO H,0%)5, 56((C0O),*)12, 57(COPCO™)2, 68(C;0,%) < 1
HP CO, 45(*C0,™)100 73(3CCO;*H1 16(0%) 1, 18(H,0*)12, 19(H;0*)16, 28(CO™)S,
44(CO,M11 74(*C,0,7) <1 29(COH™)5, 30("*COH*)2,19 32(0,)15, 46(*CO,H*, CO H,0%)6,
47("*CO H,0%)5, 56((CO),*)4, 57(COPCO*)1, 90((*CO,),*) < 1
6412 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ~ www.chemeurj.org  Chem. Eur. J. 2004, 10, 64116421
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Table 1. (Continued)

CO,* C,0,* Other peaks
Mixture miz(ion)I[%] miz(ion)I[%]
Co,/IC*0
HP CO 44(C0O,*)100 74(C,'*00,%)1 16(0)1, I8(H,0%)9, 19(H;0%)26, 20(H,*0*)4, 21(H,"*0*)11, 28(CO*, N,*)3,I!
46(C*00+)6110 76(C, '*0,0%) < 1 29(COH)4,[ 30(C'*0*)41, 31(COH™*)76, 32(0,+)12, 34("*00+)15, 36(**0,*)3,
48(C0,™)34!1 78(C,*05) < 1 42(C,"*0%)1, 45(CO,H™)6, 47(4) .18 58(CO C*0O+)3, 60((C*0),*)14, 61((C'*0),H*)1
HP CO, 44(C0O,*)100 74(C, *00,*)1 16(0)2, 18(H,0*)14, 19(H;07)11, 20(H,"*0)2, 21(H,"*0*)1,
46(C"* 008l 72(C,05%) <1 28(CO*)3,°1 29(COH*)2,1 30(C'*0O*)4, 31(C'*OH™*)27, 32(0,)12,
48(C*0,*)110 34(1*00*)4, 45(CO,HY)8, 47(1),18 58(COC™0O*)1, 60((C'*0),*)2, 88((CO,),*) <1
c®0,/co
HP CO 48(C™0,™)1001" 76(C, *0,0*)1 16(0%)2, 18(H,0")4, 19(H;0%)24, 20(H,"*0%) <1, 21(H;"*0 )5, 28(CO*)27,
46(C*00*)6110 74(C, *00,%) < 1 29(COH*)70, 30(C*0 )5, 31(C'POH™*)2,19 32(0,*)14, 34("*00 )15, 36("*0,™)1,
44(CO,*)32 72(C,05%) <1 40(C,0%) <1, 45(2),1¥ 47(4),1e 49(C'*O,H )6, 56((CO),7)39, 57((CO),H )3,
38(COC™0OH)6, 68(C,0,%) < 1, 80(C*0,0,") < 1
HP CO, 48(C0,™)1001 76(C, *0,0*)1 16(0™)1, 18(H,0)4, 19(H;0*)7, 20(H,"*0 )1, 21(H,'*0")3, 28(CO )6,
46(C*00*)1510 78(C,*0,%) <1 29(COH™)27, 30(C'*0 )3, 31(C"*OH*)1,19 32(0,%)12,
44(CO,*)3 34("00)6, 36(1°0,1)5, 47(1), 49(C*0O,H™)S,
56((C0),™)6, 58(COC0O*)2, 80(C*0,0,*) <1, 96((CO,),*) < 1
co,"co
HP CO 48(C™0,™)1001" 77(3CC®0,0*)1 16(0%)5, 18(H,0 )11, 19(H;0%)24, 20(H,'*0 )3,
47(3C*00)46!" 76(2C, 00, <1 21(H;80%)5, 28(N,*)2, 29(PCO )41, 30(PCOH*)68,
46(C*00*)1010 74(BC,0,%) <1 31(COH™Y)4,19 32(0,%)6, 34(*00*)9, 36(**0,%)2,
49(C0O, )7 £2(°C,0M)1, 58((PCO),*)7, 59(C*0"CO )2,
45(%C0,")19 71(7C;0,%) <1
HP CO, 48(C™0,*)100" 77(3CC0,0%)1 16(0*)1, 18(H,0*)15, 19(H,;0%)9, 20(H,'*0*)6,
47(3C*00 )5l 78(C,805%) <1 21(H;80%)4, 28(N, )1, 29(BCO+)4, 30(PCOH*)18,
46(C*00*)5!1 31(COH™*)2,1 32(0,%)5, 34("*00*)4, 36(*0, )11,
49(1C*0,*)9l 38((BC0O), )1, 59(CBORCO)1, 96((CO,),* ) < 1
45(°C0,")1
Lco,/cto
HP CO 45(*C0,*)100 75(3CC®00,*)1 16(0*) <1, 18(H,0%)13, 19(H;0%)26, 20(H,'*0+)2,
46(C*00 )51 76(C, *0,0%) <1 21(H;80%)5, 28(N,*)2, 29(CO )3, 30(C'*0*)47,
47(*C*00*)101 31(COH™)60, 32(0,%)7, 34(**00%)7, 36(**0,")1,
44(C0O,*)10 42(C,0%)1, 59(C*OBCO)1, 60((C'*0),)6,
48(C"*0,*)25 72(C,%0, %) <1
HP CO, 45(*C0,%)100 75(3CC®00,*)1 16(0*)1, 18(H,0*)19, 19(H;0)12, 20(H,"*0*) <1,
46(C**00 )13 74(*C,0,F) <1 28(N,*) < 1, 29(*CO*)1," 30(C*0*)2,
47(3CB00 )4l 31(C®OH*)10, 32(0,%)15, 34(**00*)1,
44(CO,*)4 59(CBORCO*) <1, 60((C™*0),)*) <1, 90((3CO,),*)1
48(C*0,*) <110

[a] Ions written in bold type are CO,* ions from the O exchange and the investigated C,O;* ions. Unless stated otherwise, P = 0.1 Torr. HP CO,, CO,/
CO~10; HP CO, CO/CO,~10. Unless stated otherwise, isobaric ions were identified by high-resolution CAD-TOF mass spectra. Ion abundances not
exceeding 0.2% are not reported. [b] CO* from dissociation of CO,*. In mixtures containing unlabelled CO,, at high CO pressure, N,* is ~70% of the
peak abundance. [c] COH* from dissociation of CO,H* (from MS/MS). [d] CI spectra of the unlabelled CO,/CO mixture (P = 0.1 Torr), allowing us to
exclude the formation of (CO),H,0% and CO,CO(H)" ions in all the investigated mixtures. [¢] This peak contains 50 % of CO,H* at high CO, pressure
and 10% at high CO pressure. Formation of m/z 73 from CO,H™" and CO is excluded on the basis of footnote [d] and on the absence of neutral CO in
the mixture. The m/z 45 daughter ion from the CAD of *CCO,;% is *CO,* (from MS/MS). [f] Peaks of m/z 46, 47 and 48 contain variable percentages,
not exceeding 10%, of COH,O* (m/z 46), *COH,0* (m/z 47) and C®*OH,0* (m/z 48). Formation of (CO),H,07 (m/z 74), CO(H,0)C®O* (m/z 76)
and “CO(H,0)C"™O* (m/z 77), in those mixtures where peaks of m/z 74, 76 and 77 are the investigated adducts, is excluded based on footnote [d] and
on high-resolution mass measurements. [g] *C"*0OO0* and C'"®0"O* (m/z 47) and *CO,* (m/z 45) from the dissociation of isotopomers of the m/z 74
and m/z 76 adduct. Possible incursion of isotope effects should be investigated in addition to the role of repeated intra-complex isomerisation—fragmenta-
tion processes. [h] This peak contains variable amounts, not exceeding 60 %, of C'*O,H*. Formation of m/z 78 from C'*O,H* and “CO is excluded on
the basis of footnote [d]. [i] This peak contains variable amounts, not exceeding 60%, of *CO,H*. Formation of m/z 76 from “CO,H* and C*O is ex-
cluded on the basis of footnote [d].

CO," +CO — GO,” () from CO,/C™0, 3) G,*0,0* from C*0,/CO, 4)*CC0,0*
from C"0,/”CO, 5) CC”®*00,* from *CO,/C*O. The CI
spectra are reported in Table 1. The CO,/CO mixtures were
investigated at variable CO,/CO ratios, namely at higher
CO pressure (CO/CO,~10) and higher CO, pressure (CO,/

CO~10), respectively. In the latter case, the ligand ex-

and by CI of neat CO,, probably from reaction (4).

C02+ + C02 — Cz()gJr + O (4)

In CO,/CO mixtures, the two reaction pathways were dis-
tinguished by utilising *C- and/or '*O-labelled reactants. La-
belled C,0;* ions, obtained exclusively by reaction (3),
were detected utilizing the following CO,/CO mixtures:
1) BCCO;™ from either CO,/*CO or PCO,/CO, 2) C,"*00,*

Chem. Eur. J. 2004, 10, 6411 —6421 www.chemeurj.org
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change reaction between (CO,),* and CO may also play a
role in addition to reaction (3).”! The unlabelled CO,/CO
mixture was first examined to monitor the CO* and CO,™
reactivity under the two experimental conditions investigat-
ed. All the experiments were then performed at the pressure
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of 0.1 Torr, which minimises the formation of higher clus-
ters.

Consistent with the FT-ICR results, the CI spectra show
significant abundances of CO,* ions from the O-exchange
reactions, for example Reaction (5).

CB30," + CO —GC,B0,0" —B0CO* + C*O s
m/z 48 m/z 76 m/z 46

The extent of the O exchange is significantly enhanced at
high CO pressure (Figure 2A), which also allows subsequent
reactions with the available neutral species [Reaction (6)].

A) 1007 48, e x 50

46
50

44

L
| |

T |1 | !,l | ‘ Lol | . ' T T
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©

B) 1007 48 x 50
50+ 76
46
| 78
0 i I‘.IH A A ] i
20 30 40 50 60 70 80 90 100
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Figure 2. CI spectrum of the C*0,/CO mixture, A) high CO pressure and
B) high CO, pressure. A) Note in addition to the C,"*0,0* adduct at
mlz 76, the peaks at m/z 74 (C,'S00,T) and m/z 72 (C,0;F). B) Note in
addition to the C,"0,0* adduct at m/z 76, a peak at m/z 78 (C,'*O;%).

OCO™ + CO —G,'*00," -0CO™ + C"*O

m/z 46 m/z 74 m/z 44 ©

Two results stand out: firstly, the observed O exchange
hints at a C,05% intermediate having a O-C-O-C-O connec-
tivity. Secondly, at high CO pressure, the high efficiency of
the O exchange leads to CO,* ions significantly enriched in
the oxygen atom of carbon monoxide. Conversely, at higher
CO, pressures, the minor efficiency of the O exchange ac-
companies formation of C,0;* isotopomers from the reac-
tion pathway (4), also facilitated by the greater available
amount of CO, (Figure 2B) [Reaction (7)].

C1802+ + C1802 HC218()3+ + 180 (7)
m/z 48 m/z 78

In addition to the analysis of isobaric species (Table 1), it
is worth mentioning possible complications arising from the
incursion of alternative formation processes. As an example,
in C®0,/CO mixtures, an alternative route to the above-
mentioned C,'*0,07 ions could be envisaged in addition to
Reaction (5), namely the reverse reaction between *OCO™
and C™0. Such an alternative reaction channel deserves

6414
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consideration, especially at high CO pressure, when the
30CO™* ion (m/z 46) is largely supplied in the source from
Reaction (5). The accurate evaluation of the possible availa-
ble amount of neutral C**O rules out this hypothesis. In all
the examined mixtures, this type of contribution was careful-
ly examined and ascertained to be ineffective, and the inves-
tigated C,057 ions can be unambiguously traced to the reac-
tants of the utilised CO,/CO mixture.

On this basis, in each C,05% ion, the CO, moiety tracea-
ble to the reactant will be hereafter referred to as the origi-
nal CO,*. As an example, in ?CCO;* ions obtained from a
BCO,/CO mixture, *CO,™* is the original CO,*, whereas in
BCCO,;™* ions obtained from a CO,/*CO mixture, CO,* is
the original CO,™.

TQ experiments: The effectiveness of Reaction (4) as a
route to C,05% was probed in experiments performed in a
triple quadrupole (TQ) mass spectrometer (Figure 3A).

A) 1004 44 —3x103—»
48
50/ \ l
[ . 74
0 \ ‘\ A
1% 20 30 40 50 60 70 80 90
B) 100 r44 3 x108—»
50 ‘46
|
o 4o
a1
0 . ﬂ/‘ Lokt \ e —
20 30 40 50 60 70 80 90
m/z —»

Figure 3. Mass spectrum of the charged products from the reaction of
mass-selected C'*O,* ions with A) CO, and B) CO.

CO,* ions were generated in the external CI source, mass
selected by the first quadrupole and allowed to react with
CO, in the RF-only hexapolar cell at pressures ranging from
5x107° to 8x107*Torr. Adducts at m/z 72 (C,0;%), 73
(*CCO;*) and 74 (C,'®*00,%) were observed from CO,*,
BCO,* and C*O,", respectively. No peaks corresponding to
the O-exchange process were observed. Moreover, the reac-
tions of CO,* with C'*0, [Reaction (8)] and of C"*0,* with
CO, [Reaction (9)], respectively, show that the oxygen atom
is exclusively lost by CO,*.

CO," +CB%0, -G,*0,0" + 0O

m/z 76 ®)

C"®0," + CO, —»C,"*00," + *0

9

m/z 74 ®)

The reactions of C*0,* and *CO,* with CO were also
investigated. The results confirm the efficiency of the O ex-
change at high CO pressure, leading to depletion of the iso-

www.chemeurj.org Chem. Eur. J. 2004, 10, 6411 —6421
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topic enrichment of CO,™, at the highest pressure investigat- A) B)
ed (Figure 3B). Only charge transfer was instead observed

from the reaction of CO™ with CO,.
Structural analysis

MIKE-CAD mass spectrometry: The C,0;% ions (m/z 72)
from Reactions (3) and (4) undergo unimolecular decompo-
sition into CO,* and CO™ in the second field-free region of
the mass spectrometer, in the 5x107°s time-window (Fig-
ure 4A). The resulting MIKE (mass-analyzed ion Kkinetic

A) B)
1001 100
*
T 501 501
1%

1 /
b 'ﬂ'\t_ y Mu’ o

20 30 40 50

* 0
60 42 43 44 45 46 47 48

m/z ——> m/z —

Figure 4. MIKE spectrum at high CO, pressure of A) C,0;" ions, B) m/z
44, = denotes the m/z 44 ionic fraction that decomposes within the colli-
sion cell, displaced at higher energies by application of a 1keV voltage
to the collision cell.

energy) spectrum shows an apparently composite peak at
miz 44 (CO,%), which reveals a collisional component when
a keV additional voltage is applied to the collision cell (Fig-
ure 4B). A composite peak (where different shapes are su-
perimposed) points to decompositions occurring over differ-
ent transition states, as for example, those involving isomeric
ions that decompose into the same fragment ion. However,
ions having a high cross-section for collisional decomposi-
tion can display false composite peaks owing to residual gas
in the collision cell region.""! Thus on the basis of the shape
analysis of the CO,* peak, one would exclude that C,05"
ions of different structure are sampled. A deeper insight is
given by the MIKE spectra of labelled *C,*O;" ions from
Reaction (3) (Figure 5).

Spectra A-C in Figure 5 show the MIKE spectra recorded
at high CO, pressure. As expected, they display peaks corre-
sponding to the original CO,* and the O-exchange product,
that is, the C,’*0,0™ ions obtained by CI of C'®0,/CO dis-
play C®0,* and OC®O™" fragments [Figure 5C, Reac-
tions (10) and (11)]:

miz 48 18 +
— C"0,

(+CO)y  (10)
c®o,” + co —» [C,"0,0"] —

miz 46 18t
—— 0C"0O

*+Cc®0) (1)

Chem. Eur. J. 2004, 10, 6411 —6421 www.chemeurj.org
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Figure 5. MIKE spectra of A)*CCO;" ions (m/z 73) from CO,/”CO
(ratio ~10/1); B) ®CCO,"0* ions (m/z 75) from “CO,/C"O (ratio
~10/1); C)G,'*0,0" ions (m/z 76) from C"™0,/CO (ratio ~10/1);
D) G,"®0,0% ions (m/z 76) from C'®0,/CO (ratio ~1/10).

Interestingly, the two peaks show different widths and
shapes. The peak at m/z 46 (C'"® OO™), corresponding to the
product of the O exchange, exhibits features that are typical
of loosely bound complexes: it is Gaussian-shaped and very
narrow, and its kinetic energy release (7}s) amounts to only
9.5 meV. The wide collisional component, observed in CO,*
fragments from unlabelled C,0;% ions, is exclusively present
in the original CO," (m/z 48), a circumstance met in all the
labelled C,0;% ions. The peak does not have a clear-cut
break in the slope, which prevents the analysis of the shape
in comparison to that of the exchanged CO,*. Accordingly,
it cannot be rigorously assessed whether or not the two de-
compositions occur over the same transition state. Neverthe-
less, labelling seems to effectively separate ionic fractions of
different energy content that show different cross-sections
for collisionally activated dissociation with low critical
energy.”? At high CO pressure, the MIKE picture is quite
different: both peaks are narrow (Figure 5D), that corre-
sponding to the original CO," still shows a residual broad
component. Moreover, the fraction of C,0;% ions that de-
composes unimolecularly (=~107%) is greater than that at
high CO, pressure (=5x107°).

In summary, the overall evidence from the MIKE spectra
marks a difference between the decomposition of the C,0;*
ion into the original and the exchanged CO,*, and between
the processes occurring at high CO, and high CO pressure,
respectively. Finally, the intensities of the fragments are ex-
tremely variable, depending on even slight changes of the
CO,/CO ratio and of the total pressure in the source. How-
ever, at high CO, pressure, the abundance of the original
CO,"* is reproducibly greater than that of the exchanged
CO,*, at high CO pressure the CO* intensity is only about
1-2%.

The collisionally activated dissociation (CAD) spectra of
the C,O;* ions, reported in Figure 6, essentially display the
CO,* and CO™ fragments. The intensity of the CO,* peaks
increases on introduction of the collision gas into the cell
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Figure 6. CAD spectra of C,0;* ions from different mixtures:

A) BCCO,* ions (m/z 73) from CO,/CO (ratio ~1/10); B) *CCO,"*O"
ions (m/z 75) from *CO,/C*O (ratio ~1/10); C) C,0"®0,* ions (m/z 76)
from C'®0,/CO (ratio ~10/1); D) C,0"0,* ions (m/z 76) from C®O,/
CO (ratio ~1/10).

and, consistent with the above, it increases by a factor of
100 at high CO, pressure, and by a factor of 30-40 at high
CO pressure. Moreover, the CO,* peaks are not Gaussian-
shaped, particularly at high CO pressure where a narrower
component is observed. Table 2 reports the abundances of
the CO,* fragments from labelled C,0;% ions. We found
that the unimolecular contribution does not significantly
affect the CAD fragmentation pattern. Nonetheless, given
the scarce reproducibility of the MIKE pattern, the abun-
dances have been corrected for such a contribution, evaluat-
ed by recording MIKE and CAD spectra in each experi-
ment (see the Experimental Section). The ratio between the
original CO,* fragment and the O-exchanged CO,* is fairly
reproducible under the two experimental conditions investi-

Table 2. Intensities (% X) of CO,* fragments in the CAD spectra of labelled C,05* ions.""!
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Figure 7. Optimised geometries of the stationary points localised on the
potential-energy surface of C,05%, at the B3LYP level of theory. B3LYP
(CCSD(T)) relative energies at 298 K are shown (bond lengths are in A,
angles in °, energies in kcal mol ™).

gated (CO/CO,~10 and CO,/CO=10), and is always great-
er at high CO, pressure. Interestingly, the CAD spectra of
BC- and 'O-labelled reactants (Figure 6B) display all the
possible combinations of label-
led CO,* fragment ions, with a
predominance of the original

?;/Iriirti:;))ns Co,* 13CO21iragmen(t:smOO+ BCBOO+ Co,* 13I8, + COZ+ (C1802+’ 13C02+).
(mlz 44) (mlz 45) (mlz 46) (mlz 47) (mlz 48) (mlz 49)
5CCO,* Qb 50 50 Theoretical results: Figure 7
(CO,CO) Alel 61 39 shows the optimised geometries
B 83 17 of the species identified on the
L:g:co; S 50 50 doublet and quartet surface of
(7C0,/CO) g‘ f‘g gj C,0;*. The CZ2A’ doublet 1 is
C,%0,0* S 67 33 the most stable ion, 33.2 and
(C'0,/CO) A 48 52 27.4 kcalmol ! more stable than
o0 1; “ g 88 the dissociation products, CO,*
( (2:0 /Cfgo) N ‘52 48 and CO, at the B3LYP and
g B 87 13 CCSD(T) levels, respectively.
BCCH0,0* S 33 33 17 17 The C,*A, ion 2 is not a true
(C"*0,/"CO) A 21 28 40 1 minimum at the CCSD(T) level,
B 9 20 64 7 as it is unstable towards dissoci-
Bcc®00,* S 17 17 33 33 . .
(°CO,/C70) N 13 “ o 18 ation  once 'the ‘ ze;ro-pomt
B 3 7 15 6 energy correction is included.

[a] Intensities derived by applying a 1 keV voltage to the collision cell, see the Experimental Section. [b] S =
expected from randomisation. [c] A = High CO pressure, B = High CO, pressure, the original CO," intensi-

ties are in bold.
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At higher energies, we localised
two quartet ions, the C,*A ion 3
and the C,*A, ion 4. At much
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higher energies, the doublet and quartet ions S5 and 6 were
found, which have highly strained, propellane-like struc-
tures. Species 7 and 8 are saddle points, and correspond to
the transition states for the O-exchange reaction of ion 1,
and for 3—4 isomerisation, respectively. The kinetic barrier
for O exchange from ion 1 was computed to amount to 23.7
and 26.3 kcalmol ™, at the B3LYP and CCSD(T) levels of
theory, respectively. The barrier for the 3—4 isomerisation,
leading to O exchange from the quartet ion 3, was computed
to amount to 4.9 kcalmol™' at the B3LYP level of theory,
whereas no barrier was found at CCSD(T) level.

Discussion

The isotopic exchange reaction: The experimental evidence
demonstrates that the O-exchange reaction is a rather effi-
cient process, proceeding through the intermediacy of a
stable C,0;* ion of OCOCO connectivity. The C,05% inter-
mediate, not detectable in FT-ICR experiments, can be ef-
fectively stabilised and detected under chemical ionisation
conditions, which allows its structural analysis. The most sa-
lient result stands out in the structural assay of C,0;*.

The CAD spectrum of the most simple *CCO;* system
(Figure 6A) shows that the abundance of the CO," and
BCO,* fragments is not comparable, as one would expect
from the dissociation of a C,0;" ion of OCO™CO structure.
In contrast, the peak corresponding to the original CO,* is
greater than that of the exchanged CO,*, and their ratio in-
creases at high CO, pressures. Likewise in C,'*0,0% ions of
Figure 6D, the 1:1 ratio between the original CO," and the
exchanged CO,* becomes approximately 10:1 at high CO,
pressure (Figure 6C). All the evidence from the structural
analysis suggests the presence of ions that do not undergo
the O-exchange process, particularly at high CO, pressure.
A workable hypothesis could be the formation of ions of
OC—CO, connectivity, not viable to the O exchange, which
decompose exclusively to the original CO,*. However, no
minimum having the OC—CO, connectivity was found by
the theoretical analysis on the potential energy surface of
C,0;%, in agreement with previous results.['’]

According to theory, the stable minima of OCOCO con-
nectivity are ions 1, 3 and 4 (Figure 7). Formation of the
quartet ions 3 and 4 is very unlikely under CI conditions be-
cause it would require quartet states of the CO,* reactant
ions, which are not sufficiently long-lived to undergo reac-
tion (3).4 The only C,0;* ion of OCOCO connectivity re-
alistically formed is ion 1, best described as an electrostatic
[CO,———*CO]* complex. Theory and experiment thus work
together to discard the possibility that the O exchange is
mediated by a symmetrical C,0;* ion. To gain a deeper in-
sight into the process, we probed C,0;* ions of different
energy contents and lifetimes in the different time windows
available to observation in the mass spectrometer.

The mechanism: The metastable ions populate a narrow
energy range (<1 eV) above the dissociation threshold and
decompose spontaneously in the 5x107°s timeframe. They
are hence very informative of the kinetics of the process. As
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illustrated in the previous section, it cannot be positively es-
tablished if the dissociations into the original and exchanged
CO,™* occur via different transition states. However, we ex-
clude that the [CO,———*CO]* ion 1 directly dissociates,
over different transition states, into the original and the ex-
changed CO,*. Indeed, the expected barrier for the O ex-
change would result in a larger kinetic energy release than
that associated with dissociation into the original CO,*.
Conversely, the observed differences between the two proc-
esses are more consistent with C,0O;% ions that dissociate
over the same transition state with different energy contents,
as for instance, ions that have been formed directly or fol-
lowing isomerisation. Labelling clearly indicates that only
those C,0;" ions which decompose into the original CO,™,
and hence formed directly from Reaction (3), have a high
cross-section for CAD. Accordingly, the exchanged CO,*
fragment could be traced to dissociation of a rearranged ion
1, only differing in the location of the oxygen atoms within
the CO, and CO moieties [Eq. (12)].

CO;' «— [0CO---*CO]" —» [0C--- O*CO]' — "CO;"  (12)

1 ia

Labelling thus separates these two populations to unravel
an otherwise undetectable complex la, [CO---*CO,]*,
and builds up a convincing case for a process occurring
through isomerisation of the formerly formed adduct 1 to a
similar ion 1a. Both are asymmetrical C,0;" ions, expected
to dissociate into the original and the O-exchanged CO,*,
respectively.

Consistent with this reasoning, the different energy of the
decomposing ions 1 and 1a depends on the energetic details
of the potential energy surface. Particularly telling evidence
is given by the small kinetic energy release associated with
the fragmentation of the isomerised ion la into the ex-
changed CO,*. This result decidedly argues for a barrier to
the isomerisation not higher than or comparable to the dis-
sociation limit. Accordingly, ions 1a, formed in the source
with a low energy excess or following isomerisation of 1 in
the metastable time window, ! undergo a near-threshold
dissociation to give the narrow peak, typical of loosely
bound complexes.

On the whole, the mutually supporting evidence shows
that 1) the sampled C,0;* ions decompose into the original
and the exchanged CO,™, by direct dissociation and through
isomerisation to a similar C,0;% complex, respectively,
2) the barrier to isomerisation is comparable to the dissocia-
tion threshold.

The theoretical investigation agrees with the suggested
mechanism. Indeed, we found that the saddle point for the
isomerisation of ion 1 to the twin ion 1a is located slightly
below the dissociation limit, and O exchange occurs through
the double-well surface depicted in Figure 8. It is known
that processes having very close activation energies for dis-
sociation and isomerisation are significantly governed by the
different geometries of the transition states that favour the
back dissociation with respect to the isomerisation, where
loss in rotational entropy is greater.'” As a consequence,
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Figure 8. Energy profile (AH®, kcalmol™') relevant to the reaction of
C*O0* with CO. The CCSD(T) (B3LYP) energies are reported.

there is no complete equilibration prior to dissociation.
Moreover, the kg is expected to be much greater than k,,,
at higher internal energies, since tight transition states (iso-
merisation processes) display a shallower rise of k with E
with respect to loose transition states (simple bond cleav-
age). On this ground, the MIKE evidence, showing a more
effective competition between kg, and ki, at high CO,
pressure, would indicate that a higher energy content char-
acterise the C,0O;% ions that decompose under these condi-
tions in 5x 107> s. Conversely, the narrow peaks observed at
high CO pressure, for both the original and exchanged
CO,*, hint at isomerisation—dissociation processes from
lower energy ions, also consistent with the lower intensity of
the CO™ fragment and the more abundant metastable frag-
mentation observed under these conditions (=10~ with re-
spect to ~10~° at high CO,
pressure).l’]

On this basis, depending on
the experimental conditions,
different amounts of ions 1 and
1a can be expected to make up
the stable C,0;* ionic popula-
tion. Unlike metastable ions,
these C,05" ions do not sponta-
neously decompose and can be
structurally analysed in their potential wells by CAD. At
first glance, the structural analysis would thus suggest that
the C,0;* population largely consists of ions 1. The exami-
nation of the most and the least energetic fractions of C,0;*
ions contributes to a better understanding of the whole
process.

Scheme 1.

The C,0;% ion: The O exchange observed in the source,
from the most energetic and short-lived C,057 ions, is quite
consistent with the picture outlined by the long-lived meta-
stable fraction. It is clearly apparent that the O exchange is
a significant process at high CO pressure, and becomes con-
siderably minor at higher CO, pressure (Figure 2, Table 1).
However, the whole process in the source is intricately af-
fected by the energy of the reactant ions, the formation
process, the thermalising ability of the bulk gas and compet-
ing reactions. Moreover, the identification of the most ener-
getic conditions in the source is hardly conclusive.

6418
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Actually, a more “cooled” CO,* population is expected at
high CO pressure, when a considerable ionic fraction is
formed with no energy excess by the low exothermic
(5.3 kcalmol™) charge transfer from CO*.'¥! On the other
hand, at high CO, pressure, the C,0;* ions could be more
effectively thermalised, below both the barriers to dissocia-
tion and isomerisation, by the bulk gas CO,. On the whole,
the greater extent of the O exchange observed in the source
at high CO pressure hints at a more effective 1—1a isomeri-
sation, and accordingly a major fraction of the 1a ions is ex-
pected to be prepared, under these conditions, within the
stable C,O;* population.

Such an inference is well confirmed by the analysis of the
stable C,05* ions, which live 5x 107> s without decomposing.
They are sampled by CAD below the dissociation threshold
and are therefore structurally informative, unravelling even
more interesting aspects, such as the extensive isotopic
scrambling in *CC*0,0* and *CC"*00," ions.

Considering, for example, the 1 and 1a adducts formed by
CI of a C"*0,/"*CO mixture, one would expect C*O,* (m/z
48) and “CO"™O* (m/z 47) to be the fragmentation prod-
ucts, whereas peaks corresponding to *C"®0," (m/z 49) and
CO™O™ (m/z 46) are also observed. Based on theory, the
doublet (5) and quartet ions (6) are viable to dissociation
into the observed fragments; however, their formation in
the source is very unlikely on account of their very high
energy, and moreover their fragmentation products would
be characterised by a large kinetic energy release. The ob-
served fragmentation thus points to a scrambling occurring
within the 1 and 1a complexes through repeated rotations
and consecutive isomerisations, as illustrated in Scheme 1.

«—» [*®oC----180¥co] la

R —— [lBOC____013C180]+

[oclso____13clso]+ rrrrreee » P ITTTIen »> erriinaen »

This process, whose prerequisite is the first isomerisation
to 1a, does not result in a fully randomised population. The
distribution of the fragments expected from randomisation
of all the labelled C,O57 ions is reported in Table 2. Three
main groups can be identified based on the statistical distri-
bution of the fragment: 1) ®CCO;* ions formed from *C-la-
belled reactants (1:1 original/exchanged), 2) G,'*00,* and
C,"*0,0* ions formed from "*O-labelled reactants (1:2 origi-
nal/exchanged) and 3) ®CC"0,0* and "CC"0O0,* ions
formed from “C/'®O-labelled reactants (1:5 original/ex-
changed). As anticipated, the largest variation is observed in
the original CO,™", the reliable signature of ions 1. On the
whole, the structural analysis confirms that, in all the sys-
tems and experimental conditions investigated, the C,05"
population, prepared and cooled in the source in the energy
range below the dissociation threshold, contains a major
amount of ions 1 with respect to ions 1a, and ions 1 are
even more significantly captured at high CO, pressure.
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Finally, it is worth considering that the ions sampled by
CAD possess a broad range of internal energies, including a
higher-energy fraction that is below the dissociation thresh-
old but above the isomerisation barrier. These ions are not
sufficiently “hot” to decompose in the metastable window,
but still susceptible to undergoing isomerisation during the
flight, giving a mixture of interconverting structures that, in
the absence of collisional relaxation, are not thoroughly
randomised. The signature of these ions is found in particu-
lar at high CO pressure, where the CAD peaks show residu-
al narrow components. The shape analysis and the evalua-
tion of the metastable contribution indicate that these com-
ponents are not due to the overlapping of metastable
peaks,'"!l whereas they are more probably attributable to the
prompt dissociation by collision of these “stable” vibration-
ally excited ions that are already close to the dissociation
limit.2+1) Accordingly, at high CO, pressure, lower-energy
ions are sampled below the dissociation threshold and
below the isomerisation barrier.

A high-energy route to C,0;*: CI and TQ experiments pro-
vided evidence for a high-energy reaction pathway to C,0;*
ions: the reaction of CO,* with CO, [Eq. (4)]. We comput-
ed the AH® of the process, amounting to 95.8 and 90.0 kcal
mol~!, at the B3LYP and CCSD(T) levels of theory, respec-
tively. The occurrence of Reaction (4) in ionised CO, thus
hints at the presence of highly vibrationally excited CO,*
reactant ions.

In CO,/CO mixtures, the C,0;* ions from Reaction (4)
can be identified by isotopic labelling that separates the
C,0;% ions from Reaction (3). They are detectable at high
CO, pressure (Figure 2B), when actually excited CO,* ions
are probably formed by electron impact on CO,. However,
their formation from Reaction (4) is not straightforward.
Indeed, the same product could be formed by ligand-ex-
change reaction between the ion 1a and the available CO,
[Reaction (13)].

c®o,” + co —» [®oc®0--co1" —
1

+ C"0, (13)
[*oc--%oco]” —— [*oc--*oc*ol
la

This process is expected to be less favoured with respect
to the competitive formation of [®*OC---CO]*, which is
even observed in the presence of small amounts of co®
yet it could play a role at higher CO, pressure. Nonetheless,
even not considering formation of this C,0;* isotopomer as
a signature of the occurrence of Reaction (4) in CO,/CO
mixtures, its formation in neat CO, undoubtedly points to
the presence of CO," ions having the required, albeit high,
amount of energy. Low-lying electronic states of CO,* are
very short-lived owing to radiative decay or predissociation;
however, their participation in the formation of ground state
CO,* ions having large amounts of internal energy has been
considered, for example, in intersystem crossing associated
with the predissociation of state C.l'*
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The fate of the C,0O;" ions formed by Reaction (4) is nec-
essarily related to their energy. As a matter of fact, it is diffi-
cult to evaluate the amount of energy available to species
generated from excited reactant ions of unpredictable
energy content. In principle, we can guess that, if sufficiently
thermalised or formed by a slightly exothermic reaction,
they do not undergo any O-exchange reaction. In contrast,
if formed by a very exothermic process, they decompose
into CO,™ and CO, favouring back-dissociation with respect
to isomerisation. Both hypotheses could be valid, for in-
stance, in our TQ experiments, showing no peaks but the
original CO,*.

The loss of the oxygen atom from the CO,™ reactant ion
suggests that, when the back-dissociation of the C,05* prod-
uct is favoured, the whole process is a dissociative charge
transfer to CO, [Reactions (14)-(16)].

cO," + C*0, —»  G*0;00 + O (14)
C*0,0° — C*0,;' + CO (15)
co;” + C*0, —> C*0; + CO + O (16)

In CO, plasmas, where CO,* and CO, have the same iso-
topic composition, the net reaction is essentially the dissoci-
ation of CO, into CO and O.

Atmospheric implications: Ion-catalysed reactions are
widely recognised as a class of important processes affecting
the neutral composition of the stratosphere and troposphere,
where ionisation occurs by galactic cosmic rays and UV ra-
diations.""2 The O-exchange reaction, although not affecting
the carbon dioxide and carbon monoxide budgets, can act
on environments in which CO, and CO have different iso-
topic enrichments. Stratospheric and tropospheric CO, is,
for example, enriched in both 7O and 'O. In particular, the
tropospheric isotope values are very different from strato-
spheric values and they reflect mass-independent isotope ef-
fects.*?l The observed O exchange can modify the isotope
distribution of CO,* and CO by subsequent sequestering of
oxygen atoms in carbon monoxide (Figure 2B, Figure 3B).
This ionic route can be also of interest to the Martian at-
mosphere, where O enrichment has been observed in Mar-
tian meteorites, from CO, transfer to carbonate minerals.”!!
Here the CO," ion density reaches 10*cm ™ and O, is
present in far minor amounts with respect to Earth. The
evolution of the global process in the Martian atmosphere is
not yet fully understood, and unrecognised sinks of 'O have
been suggested. Interestingly, one of the targets of the cur-
rent missions to Mars is the measurement of the isotope
ratios of CO,, H,O and noble gases, to hopefully provide a
deeper insight into the evolution of the Martian atmosphere.

It is also worth considering that several atmospheric envi-
ronments are far from equilibrium. Transient events, such as
lightning, coronas along high-voltage power lines or during
thunderstorms, typically ensure high local densities of vibra-
tionally or electronically excited species whose role in pro-
moting endothermic reactions is widely recognised.”” The
failure of equilibrium treatment to describe and interpret
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some atmospheric phenomena has heightened the awareness
that atmospheric models should make allowances for reac-
tions of excited species. In this connection, a “high-energy”
route to O exchange can be envisaged from the symmetrical
quartet ion 3, accessible from the long-lived CO (°[],). The
most interesting outcome from high-energy CO,* ions is the
catalysed dissociation of carbon dioxide through Reac-
tion (4), an endothermic process that is, however, less ener-
getically demanding than dissociation of CO," into either
O* or CO*." Such process could be relevant as a local
source of CO along high-voltage power lines, especially near
urban or industrial areas where CO, production is more ex-
tensive. Furthermore, the process could be very effective in
the ionospheres of Mars and Venus, where the bulk gas is
itself CO,. In this connection, it has already been observed
that lightning discharges in Venus, a good example of a
charged, non-equilibrated system, are an effective local
source of carbon monoxide.?”

Conclusion

In ionised CO,/CO mixtures, a rather effective O exchange
is undergone by thermal CO,* ions via a C,0;* ion of
OCOCO connectivity. The reaction efficiency is critically af-
fected by the internal energy deposited into the initially
formed C,0;% adduct, whose decomposition is favoured
with respect to O exchange, occurring through a double-
minimum potential-energy surface. Under highly energetic
conditions, an indirect, ulterior route to dissociation of
carbon dioxide into CO and oxygen atom is provided by the
reaction of excited CO,* ions with CO,.

Experimental Section

FT-ICR experiments: The FT-ICR experiments were performed in an
Extrel FTMS2001 double-cell mass spectrometer equipped with an Ion-
Spec Data Station and a FTMS Autoprobe. The ions were generated in
the first cell and transferred into the second cell, where they were isolat-
ed by broad-band ejection pulses and by the Arbitrary Form method,
after a cooling period of 1s. Then they were allowed to react with neutral
CO admitted into the cell in order to reach a stationary pressure of 1—
2x107" Torr. The pseudo-first-order rate constant was obtained from the
slope of the logarithmic plot of the relative ion intensity versus the reac-
tion time. The number density of the neutral molecules was calculated
from the readings of the Bayard-Alpert gauge, corrected according to a
standard procedure based on the correlation between relative sensitivity
and the polarisability of the gas.”® The efficiency of the reaction was ex-
pressed as the ratio of its bimolecular rate constant to the collision rate
constant, calculated according to the ADO theory, or by the Su and
Chesnavich parametrised variational theory,? that gave very similar re-
sults.

CI-MIKE-CAD experiments: The experiments were performed on a
modified ZABSpec 0a-TOF instrument (VG Micromass) with a EBE-
TOF configuration, where E and B stand for electric and magnetic sec-
tors, respectively, and TOF for orthogonal time-of-flight mass spectrome-
ter. The instrument was fitted with an EI/CI source, a gas cell located in
the first field free region and two pairs of gas cells located after the
magnet along the beam path. Typical operating conditions of the CI
source were as follows: accelerating voltage: 8 keV, source temperature:
423 K, repeller voltage: 0V, emission current 1 mA, nominal electron
energy: 50 eV. The source pressure was measured inside the source block
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by a Magnehelic differential pressure gauge. The gases were introduced
into the source by separate inlets. Water amounts of ~10% were still
present following purging and heating of lines, owing to water desorbed
from the glass vessels containing the labelled samples.

The MIKE and CAD spectra were recorded at 8 keV and with fully open
source and energy slits. The MIKE spectra were averaged over 100 ac-
quisitions to improve the signal-to-noise ratio. On account of the poor
signal, the kinetic energy release was measured on resolved peaks at an
energy resolution of 4000. The target gas utilised in the CAD experi-
ments was He, admitted into the first cell at such a pressure to achieve a
70% transmittance. The CAD abundances were derived from the peak
heights, and the error from the overlap in “C/"®O-labelled ions could
lead to an overestimate of the randomised population. The CAD abun-
dances were corrected by applying a keV voltage to the collision cell,
which allows discrimination against all fragmentation occurring outside
the cell. The same procedure was followed in the corresponding MIKE
spectrum, which allows evaluation of the residual contribution from the
ions that decompose unimolecularly within the cell. Although the results
are best used with caution, the metastable component can be overesti-
mated, if anything, owing to possible collisions with the gas near the cell
(it has been generally evaluated to be <1% at high CO, pressure and, at
most, 2.5% at high CO pressure). The shape of the CAD peaks was ana-
lysed at an energy resolution of 5500, on resolved peaks corresponding to
the original and O-exchange CO,* fragments. High-resolution CAD-
TOF experiments were performed to identify isobaric species in the in-
vestigated CI plasmas. The ions of interest, separated, mass-selected and
accelerated to 8 keV, were transmitted to the TOF sector and structurally
analysed by introducing He into the gas cell.

CO, and CO, were research-grade products with a stated purity in excess
of 99.95mol%. The C®O (98.8'%0 atom %), *CO (99.0 °C atom %),
BCO, (99.0 *C atom %) and C'"®0O, (98.7 O atom %) samples were ob-
tained from Icon Stable Isotopes, Inc.

TQ experiments: The experiments were performed with a Waters Quat-
tro Micro Tandem GC-MS/MS equipped with a cool chemical ionisation
source. The ions generated in the source were mass-selected in the first
quadrupole (Q1) and driven to the second quadrupole (Q2), a RF-only
hexapole, containing the neutral gas at pressures ranging from 5x10~* to
1x107* Torr. The ion-molecule reactions were investigated at a nominal
collision energy of 0 eV and the charged products were analysed with the
third quadrupole (Q3).

Computational methods: Density functional theory, with the hybrid?!
B3LYP functional,® was used to localise the stationary points of the in-
vestigated systems and to evaluate the vibrational frequencies. Although
it is well known that density functional methods using non-hybrid func-
tionals sometimes tend to overestimate bond lengths,”” hybrid function-
als, such as B3LYP, usually provide geometrical parameters in excellent
agreement with experiment.”® Single-point energy calculations at the op-
timised geometries were performed with the coupled-cluster single and
double excitation method® with a perturbational estimate of the triple
excitation [CCSD(T)] approach,” to include extensively correlation con-
tributions.*!) Transition states were located with the synchronous transit-
guided quasi-Newton method developed by Schlegel and co-workers.?
The 6-311+G(3d) basis set was used.’” Zero-point energy corrections,
evaluated at the B3LYP/6-3114+G(3d) level, were added to the
CCSD(T) energies. The 0 K total energies of the species of interest were
corrected to 298 K by adding translational, rotational and vibrational
contributions. The absolute entropies were calculated by standard statisti-
cal-mechanistic procedures from scaled harmonic frequencies and mo-
ments of inertia relative to B3LYP/6-311+ G(3d) optimised geometries.
All calculations were performed with Gaussian 03.34
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