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Bond-forming reactions of molecular dications with rare gas atoms:
Production of ArC 2% in the reaction CO 2% +Ar
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Integral cross sections for the bond-forming reactior C®Ar— ArC? + O have been measured

as a function of collision energy in a guided-ion beam mass spectrometer. The energy dependence
is consistent with an endoergic reaction. Since the title reaction is in competition with several
charge-transfer processes, the cross section at the maximum is only @23 Xollision energy

of about 3 eV. Simple kinematics considerations suggest that the falloff of the cross section at higher
energies might be due to the vibrational predissociation of?ArCState correlation diagrams are

used for discussing the reaction mechanism. 2@0 American Institute of Physics.
[S0021-9606)001510-5

I. INTRODUCTION is the first observation of doubly charged molecular products

_.In the gas-phase reactions of molecular dications.
In recent years the structure and the gas-phase reactivity

of small doubly charged molecules have attracted increasin

interest'~* These species are usually unstable because of t EXPERIMENT

Coulomb repulsion X¥*—X"+Y"; however, in some The experiments were performed in a modified version
cases they can be either thermodynamically stable or longf a guided-ion beam tandem mass spectrometer which has
|ived.5 Such molecules exhibit hlgh reaCtiVity and their exo- been described bef0F8T22 The CC})Jr reactant ions are pro-
ergic reactions with other molecules may release severgluced by electron impact of CO using an electron beam at 85
electron V0+|tS in kinetic energy of the products. As an ex-ev. lons are extracted from the differentially pumped ion
ample, Hé has been proposed as a source of propulsiv@ource, mass selected by a magnet mass spectrometer, and
energy with performances which far exceed those of alfinally injected into a radio-frequency octopole ion giitie

known propellgnté. L . which is surrounded by the reaction cell. The axial energy
In the collision of C3" dications with Ar atoms, sev- distribution of the C&" beam is determined by using the
eral reactions were observet octopole guide as a retarding field energy analyzer. The typi-
CO* +Ar—CO" +Ar™, 1 ca CCG* energy distribution ha_s a full width at half maxi-
mum (FWHM) of about 1.2 eV in the laboratory reference
CO" +Ar—C"+O+Ar", (2)  frame. The collision energy in the laboratory franig,() is
COP* +Ar—C+O* +Ar*, 3) varied by changing the dc potential of the octopole with

respect to the ion source. The collision energy in the center-
CO'"+Ar—C'+O"+Ar. (4) of-mass frame k) is obtained fronmE 4, by the expression

Ec.m=Ejapm/ (M +m), wherem andM represent the mass of

However, no bopd—formlng reactions were reported. As &he neutral and ionic reactants, respectively. Argon is intro-
result of our continuous effort in the study of doubly chargedduced in the reaction cell at pressures below4bar to

molecular ion ntaining rar in the presen rwe . . - .
olecularfons containing rare gases, in the present paper we, multiple collisions. Reactant and product ions are ex-

report the cross secticin. as a functipn of collision energy fortracted, mass analyzed by a quadrupole mass spectrometer,
the production of Ar€* in the reaction and finally counted by standard technique.
CO*"+Ar—ArC?*+0. (5) Absolute integral cross sections are obtained byo

The remarkable feature of this reaction is the formation of a:alplls’ wherea is a constant, is the intensity of the

. S . roduct ions, andy is the intensity of the reactant ions. The

new bond in a process which involves doubly charged ion . : .
: constanta is determined by normalizing our data on those
both as reactants and products. In fact, bond-forming reac-

tions usually produce singly charged ionic proddeisuch obtained by Ehbrectdt al.,” who measured the cross section

as CED* from CF§++D2. Only a few papers report the for the formation of Al — reactlon(l)—qt 18 eV(C. M)
. . to be 1.90 &. For the absolute cross sections presented here,
production of doubly charged ions from doubly charged re-

. oo . : w im he errors withit 30%.
actants; however, these investigations involve eithgf,& @ estimate the errors within 30%
or transition metal dication¥; 2" or Ar?*.1819 Apart from
the special case of &, to our knowledge the present work ll. RESULTS AND DISCUSSION

The electronic ground state of GO is 3I1. However,
dElectronic mail: tosi@science.unitn.it another'> " state lies about 0.2 eV higher and might affect
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the beam composition. In our apparatus, the distance from C T " R
the ion source to the entrance of the collision cell is about 10 _
cm. At collision energies of 0.2, 1, and 10 d¥enter of 0.02 -
mas$, the time of flight of the C®' ions from the ion [
source to the collision cell is about 65, 29, ang® respec-
tively. The lifetimes of the®ll and 3" electronic states
have been calculated by Larssenal?* These calculations
suggest that only the= 0 vibrational levels are stable on the
us scale. Experimental determinations vary among literature.
Some measurements give lifetimes on the scal@sft® 2’
while others suggest the existence of components having a [
much longer lifetime 10 % ).22%° The most recent 0.00 - SE—TS
experiment®3! confirm the latter conclusion and it was
found that the lifetime of the =0 level of the!S " state is e.m.

about 9us, while that of thev =0 level of the ground state FiG. 1. Integral cross section as a function of collision energy for the reac-
%11 is longer than 3.8 & All other higher vibrational levels tion CG** +Ar—ArC?* +Ar.

decay faster. Thus, it appears reasonable to assume that up to

10 eV collision energy, C& ions in the reaction region are

in thev =0 >I1 ground state, while at high collision energies - h lculati £ Vi 136 and K
the beam might contain a small percentage of the first ext\C™". From the calculations of Vincert al”™ and Frenk-

cited state's * ing et al.*! we get a reaction threshold of 0.26 and 0.30 eV,
: %espectively. The experimental results are consistent with

0.01[

Cross-section (A?)

The reaction energetics can be calculated using th h ical luati H q h
known thermochemistry of reactants and products. In rece ese t .eoretlca evaluations. However, due to t_e Eenergy
roadening of the reactants and the consequent limited en-

years, the appearance energy of‘Grom neutral CO has o . .
been the subject of a number of investigatiBh&~3* The ergy resolution in the threshold region, the exact reaction
' pset could not be quantitatively determined.

most recent measurements, performed by using the thresho

photoelectron coincidence technique, gave an appearance po—I ;I'r(ljetde;:rl]lnes_t;) f 'f[he CIOSS Z_ecnon_ é:t hlghfetr;]ergy T'g?tbble
tential of 41.24 eV for thewy=0 level of the ground state relaled to the vibrational predissociation of the metastable

3[1.3% From this result. and given the heat of formation OfArC2+ dications. Different theoretical calculations give a

neutral COAH®(CO)— —1.18 eV, the heat of formation of dissociation barrier of 1338 and 1.1 e\?® respectively. If
COP* (X 3I) is found to be 40.06 eV. Regarding the prod- O"¢ SSUMes that the positidiya,~3 eV) of the maximum
ucts, several theoretical investigations concern the 2ArC croszss+sect|on is relate_d to the threshold for the.d.|ssouat|0n of
molecular dicatiof®*! Ab initio calculations at different ~C - (€N, neglecting the small endothermicity, the frac-
levels yield values for the dissociation eney(ArC2*) of tion of CF)"IS.IOI‘] energy d|52;:)+osed in vibration of the diatomic
—3.37 V3¢ —2.86 eV3® and —3.41 eV*! These values can product is given byDo(ArC”")/Ena=0.37 or 0.46, depend-

be used to estimate the heat of formatiapH®(ArC2") ing on the barrl_er vqlue. The partitioning of the product en-
— AH(ArF) + AH°(CH) — DO(ArCZ*). By using ergy betwee_-n vibration along the molecular bond a_nd trans-
AH®(Art)=15.76 eV, andh;H°(C*) = 18.63 eV we get !atlonallmonon of departure depends on the details of the
AIH°(ArC2+)=537 76 ’37 25f and 37.80 IeV dépending cmlnteracuon potential. However, the analysis of the coordinate

. T transformation that is needed to go from a system suitable
the value assumed for the dissociation eneBgfArC2"). iy . .
Finally, by using the auxiliary quantit;H® ()= 2.556 eV, for describing the reactants to one suitable for the products in

one can calculate the reaction energetics to Aldy® a collinear configuration, shows that the upper bound of the
: 0 fraction of the collision energy disposed in vibratidy,, , is
=0.26, —0.25, or 0.30 eV, respectively. Here, a positive gy cisp @iy

lue indicat d ! » hil t' | determined by a kinematic factor depending only on the
value indicates an endoergic reaction while a negalive valug, s of the colliding particlé®. For the collinear reaction

|nd|cate§ an exoergic reaction. . . A+BC—AB+C, we getE,,/Eo=sir? 8, where
In Fig. 1 we plot the cross section of reactith) as a

function of collision energy from 0.2 eV to about 25 eV. The

cross section at the maximum is only 0.023, And declines B= arctar(% +_B

to values in the range of 16 A? at about 25 eV. These My Mc  MaMc

values are much smaller than those observed for the other

reaction channels, such as the charge-transfer reaction pritw the present case, we dé};,/E.,=0.56. Considering that

ducing CO +Ar™. As a consequence, reactit) certainly  0.56 is the upper bound to the fraction of energy disposed in

has a minor impact on the overall chemistry of real systemsvibration, the comparison with the experimental estimates

However, a detailed study of reacti¢®) may be important (0.37, 0.46 suggests that th&—V energy transfer is quite

to get a better picture of chemical bonding in such unusuagfficient.

species as molecular dications containing rare gases. In Fig. 2 we show a simplified electronic correlation
The overall profile of the cross section is consistent withdiagram for the collinear configuration. It is immediately

an endothermic reaction, and this suggests that calculatiorear that ground-state reactantsCQX °IT) +Ar('Sy) cor-

reported in Ref. 38 underestimate the dissociation energy aklate directly with ground-state products AfGX '3 ™)

Mg mZB 1/2

(6
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9 co% () + Ar ('S,) : AC* (1) + O (P,) 6.43 eV, and eventually one finds that the crossing occurs at
Bl cogsyenriry 1 R=2.24 A. We did not observe ArCions in large amounts,
424 L i A ') + 0 (D)) most probably because the reaction is very exodinid.17
419 \GOL + Ar (83 eV) and, since ArC has a small binding energibout 0.9
% :Z CO™ (X M) + Ar ('S) ArCH (X'Z) + O (P,) eV), ArC* products may quickly dissociate into" G- Ar.
g 35 Since all the charge-transfer channels are in competition
8 37d oD+ Ag with the bond-forming reactiof?, only a small percent of the
AT - . initial reagents can eventually be transformed into ArC
35 Co+(C)+Ar+ +0O. As a consequence, the cross section is expected to be
] BN | AC (XTI +O'(S,) very low, in agreement with the present experimental obser-
33 Rico  Ruco vations.
FIG. 2. State correlation diagram f@,, symmetry. IV. CONCLUSION

In this work the cross section for the reaction €O
+Ar—ArC?* + 0 has been measured as a function of rela-
+O(3Pg) via a’lIl surface. The process can be considered dive energy. The important feature of this bond-forming pro-
transfer of the &' dication, as indicated in the following cess is the conversion of the reactant molecular dication in
scheme: the product molecular dication. This is unusual as only sin-
CO?"+Ar—[O+C*" +Ar]*—=ArC?" +0. gly charged products are generally observed. The energy de-
pendence of the cross section suggests that the reaction is
) However% this reaction isfin Colmpegion with r(;l_any endoergic, in agreement with some theoretical predic?(t)iorj&s.
charge-transfer processes. In fact, along Rag oo coordi-  The cross section rises to reach a maximum of about 002
nate there are several avoided crossings with the surfacemar 3 eV before declining at higher energies. A simple es-
det+ermined py the repulsiv_e interaction betl/veen+c‘€hq timate of the fraction of energy disposed in product vibration
Ar™. Dynamics at the crossings with tlﬁé+3 surfacesis  suggests that the falloff might be due to vibrational predis-
well understood by the simple “reaction window” concept sociation of ArC*. State correlation diagrams show that
banEd on the I._anda.u—Zer?er mOﬁeE"ﬁs and has been the a?®Il surface evolving from ground-state reactants correlates
supjectfofhdetalleq dlscgsdswns in recerr:t_paﬁérﬂ;le kehy adiabatically with ground-state products. The competition
point of the reaction window approach is that the chargebetween this pathway and several charge-transfer reactions
transfer is effective whenever the crossing occurs at internuexplains the low efficiency observed for the title reaction.
clear distances between 2 and 6 A.
Though nearly all the CO electronic stategX, A, B, C, ACKNOWLEDGMENTS
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