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Singly charged rare gas borynium ions were prepared for the first time by making use of mass-selected
ion/molecule reactions in a triple-quadrupole mass spectrometer. Halogen for rare-gas exchange reactions
leading to the formation of the novel species BABKr+*, and BXe were carried out by allowing the radical
cation BBr™ to react with neutral rare gas atoms in the second quadrupole under conditions typically used
for collision-induced dissociation (CID) in tandem mass spectrometry experiments. The ions formed contain
the bonds B-Ar, B—Kr, and B—Xe, the lengths of which were calculated at the B3-LYP/LANL2DZ level

of theory to be 2.590, 2.635, and 2.713 A, respectively. Natural bond orbital (NBO) population analysis
revealed that the bond order increases with increasing size of the rare gas atenKrAr Xe. The reactions
leading to the formation of the singly charged boron cations of Ar, Kr, and Xe are endothermic by 50.1, 45.8,
and 38.7 kcal/mol, respectively. The energy required to drive these reactions is supplied by the collision
energy. The BX products formed are 7.2, 11.5, and 18.5 kcal/mol more stable than the separadedaRd

the neutral rare gas X ators=(Ar, Kr, Xe, respectively).

Introduction Recent additions to rare gas chemistry include such species
Exciting chemistry of the rare gases has emerged since the2S H-Xe—SH (the first reported XeS bond);® as well as the

discovery of the first such compound in 1962 by Bartlethich charge-transfer molecules-+xe—Cl, H—Xe—Br, H—Xe—|,

was reported to be XgPtF6], but later shown to be a mixture ~H—Kr—Cl, H—Xe—H, H-Xe-D, D—Xe-D, H-Xe—-CN,

of XeF[PtF~ and XeF[PtFi]—.2 Most known rare gas H—Xe—NC, and H-Kr—CN,!“"!7 the preparations of which

compounds contain either %@ or Xe—F bonds® Examples made extensive use of the matrix isolation technigf& and

of these include an unusually strongX® bond in XeN@* 4 the synthetic utility of low-temperature solid Xe and Kr

and Xe-F bond in XeFE:® Xe—ClI, Xe—N, and Xe-C bonds matrixes?! Typical classes of species formed by the rare gases

are also known to exist, representative examples being2%eCl are weakly bound van der Waals complé%é3and clathrate3

FXeN(SQF),,” and Xe(CFk),.8 Turner and Pimentel reported a  For example, laser fluorescence spectroscopy has been used to

study on Krhk, the first krypton compound in 1963yhile Kr— study the excited states of the neutral van der Waals complexes

0% and Kr—N*1 bonds in neutral compounds have subsequently BNe, BAr, and BKr2®

been found to exist. The first and, so far, only tentative example  sydies on isolated ions have expanded the scope of rare gas
of the Xe-B bond was reported in FXeBF, in 1979 by chemistry. Protonated rare gases Xate well-knowr?6-28 The

Goetschel and Loos. corresponding Rydberg molecules XPPrare gas cluster ions
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gases, and the existence of the neutral analogues PdXe and %20 %20
PtXe32 The former prediction was confirmed by ScHes, 100 1
Schwarz, and Pyykkan 199833 A recent zero energy kinetic
energy (ZEKE) electron spectroscopy study on the anionic
species KrBr, XeBr-, and KrCI" reported accurate electron 80 1"BXe*
affinities for these systen®$.Other ionic rare gas compounds 10B7By +
studied include the cationic species B¥ge BNe' and 8
BAr™+ 35-38 Nevertheless, most studies on these systems have g e |
either been completely theoretical or have involved high-energy
collisions high temperatures or high pressures, or other
unusual systems such as cryogenic plasmas.

There are, however also results on rare gas ions in controlled
experimental systems. Early studies on collisions of electroni-
cally excited neutral particles with atoms or molecules yielded, 2 |

Relative abund;

by Penning ionization, previously unknown ions such as NeAr Xe™
- ArF + + + 40-44 28 79 106
ArN2™, Arl™, and CHXe*, C,H,Hg™, and NHg™. Herman
and Cermk reported on reactions of mixtures of rare gases with P R I LTA““}M S ——
alkali metal vapors occurring in the ionization chamber of a %0 200 150 200
Nier type mass spectrometer as early as ¥9@hey observed Thomson (m/z)
the following product ions: Hell, NeK*, ArLi*, ArNat, Figure 1. Product ion tandem mass spectrum indicating the formation

ArK*, ArCs", and KrNa. Other mass spectrometric studies ©f BXe™ when'®B"Br** ion (m/z 89) was mass selected in Q1 and

on rare gas compounds include electron impact (El) ionization ?"”O‘l’)"ed to rga;:t "¥ith Xe (app")”_‘i”éazte'y 415\0/”’ a}lt_e_nuation of ?rima}ryl
ion beam at 0.4 mTorr pressure) in Q2 at 4 eV collision energy (nomina

of rare gas van der Vg?als molecules, suqh a§ Rrz, ArKr, laboratory frame energy). The ions betwedn 139 and 146 are various

HeXe, NeXe, and Arxe; the latter two of which yielded doubly  jsotopomers of Bxe. The ion atmiz 106 is most likely BBr(OH)

charged diatomic molecules (NeXeand ArxXe"). Similar (small amounts of oxygen and water are dissolved into the liquid reagent
studies on the rare gas excimers ArKr and NeXe have also beerBBr; from the atmosphere during sample preparation). The isotopomer
reportedi® Recent studies include work from this laboratory on ~ corresponding tevz 146 is produced in almost 5% relative abundance
collisions of Xe™ ions with fluorinated self-assembled mono- under the conditions used.

layers, in which XeCF", XeCF", and XeF are observed as

A7 R i i
products;**and a study by Schwarz and co-workers, in which structures and energies needed for this study.) Ghassian

th?\lyetjetf;r(t:grrrll bc?t?r?ollrsl,ga;nd)?gzg Tjg?\lllgg f?g; th(sa. rare gases ar694(Revision B.1) software packalffavas used with the default
- P . e g settings as installed on a Cray C94 supercomputer (Center for
finding novel uses as, for example, propulsion media of rockets

used in space researthand it is clear that we are only Scienti_fic Computing, Espoo, Finla}nd). Natur_al population
beginning to discover the full potential of rare gas chemistry analysis (NPA) was performed to estimate bonding b_etween the
as a whole. New areas of application for rare gases may alsoboron atom and eagh of the rare gases in .thé Bpecies. To .

. A : . explore the energetics of the reaction leading to the formation
include biological systems. For instance, the case of Xe is of

special interest aiven its strona anesthetic and anal esiCof these novel species, the pertinent calculations were also
a&ivity 50-52 J g 9€8Iperformed for Br, BBr**, and B

are regarded as sufficient to give reasonable estimates for the

Results and Discussion
Methods . .
Tandem mass spectrometry (MS/MS) is a powerful tool in

Tandem Mass Spectrometry. BBrs; (Aldrich Chemical, the study of gas-phase ion/molecule react®frsne in which
Milwaukee, WI) was introduced via a Granville-Phillips leak mass-selected ions are allowed to react with other species under
valve into the ionization source of a Finnigan TSQ 700 carefully controlled conditions. In this study, BSt, BBr,",
(Finnigan MAT, San Jose, CA) equipped with an ion volume BBr* and B" were mass selected and were allowed to react
for chemical ionization (CI). The reagent underwent self-Cl at jth neutral rare gas atoms. With He and Ne, respectively, no
2—3 mTorr pressure at 2570 eV electron energy, and formed  products other than those arising from collision-induced dis-
BBrs**, BBrz", BBr'*, and B ions. Each of these was mass sociation (CID) were observed. In contrast, Ar, Kr, and Xe
selected in turn and allowed to react in turn with He (UN 1046, yielded BX" (X = Ar, Kr, Xe) when BBr™ was allowed to
AirCO, Murray Hl”, NJ), Ne (AirCO, Murray H|", NJ), Ar (UN react with each of the neutral gases:

1006, Airco, Murray Hill, NJ), Kr (grade 4.7-Research, UN

1056, Airco, Murray Hill, NJ), and Xe (grade 3.5, UN 2036, BBr'"+ X —Br +BX" 1)
Airco, Murray Hill, NJ) neutral gases in the second quadrupole

(Q2). The collision energies in Q2 were varied between 0 and  The identity of these ions was confirmed by the isotopic
15 eV (laboratory frame of reference) in each experiment at patterns of the rare gases exhibited by the product ions, and
nominal pressures corresponding te-B5% attenuation of the  also by performing experiments in whiéfB87°Br+*, 10881+,
primary ion beam as specified. The product ions formed in Q2 11B79Br**, and11B81Br™* were mass selected in turn. Figures 1
were mass analyzed by scanning Q3. and 2 show the mass spectra of the products formed in these

Quantum Chemical Calculations. The structures, total  halogen/rare gas exchange reactions for Xe and Ar, respectively.
energies, and vibrational frequencies were calculated quantumSimilar results were observed for Kr. On the basis of these data,
chemically for the species BX(X = He, Ne, Ar, Kr, and Xe) it is clear that novel products BXe BKr*, and BAr" were
at the B3-LYP/LANL2DZ level, except for the lighter species formed. BBg**, BBr;+, and B" were not observed to react under
containing B and He only, for which the calculations were done the same conditions as BBrto yield rare gas products except
at the B3-LYP/6-311G(d,p) level. (The selected levels of theory for the ions generated by simple charge exchange.
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energetics calculated from the quantum chemical data show that
for BX* the ionic species are 18.5 kcal/mol, 11.5 kcal/mol, 7.2,
3.6, and 0.4 kcal/mol more stable than the separated species
B™ and X for X = Xe, Kr, Ar, Ne, and He, respectively. On
the other hand, the overall reaction 1 is always endothermic
(38.7 kcal/mol, 45.8 kcal/mol, 50.1 kcal/mol for Xe, Kr, and
Ar, respectively). The energy needed to drive the reactions is
provided by the collision energy, hence the cross section displays
the nonzero energy maximum already noted. The trend in
endothermicity also conforms to the experimentally observed
trend of product yield with increasing collision energies for
BXe*, BKr*, and BAr.

The ground state of the assumed transition species in eq 1
[X—B—Br]™ was calculated to be 50.1 kcal méllower in
energy than the reagents and 15.4 kcal thédwer than the
products in the case of Xe. This is contrary to the experimental
observation, according to which it is necessary to supply energy
in Q2 to cause the reactions to take place. Consequently, these
reactions must proceed via excited species although the states
involved have not been identified. Interesting insights to the
dynamics of heavyt light-heavy (HLH) atom transfer dynamics
have been provided by the theoretical calculations of Amaee et
al>® They found that reactant rotational energy promotes this
type of reaction, and that the products are formed in highly
excited rotational states. As can be seen from the NBO data on
the atomic charges of the BXspecies, these can be regarded
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Figure 2. Product ion tandem mass spectrum indicating the formation
of BArt. The mass selected ioHB"Br™ yielded B*°Ar* upon
reaction with Ar (approximately 85% attenuation at 0.95 mTorr) at 9
eV nominal collision energy.

TABLE 1: Results of Quantum Chemical Calculations:
B3-LYP/LANL2DZ Structures, NBO Analysis, Reaction
Enthalpies (Reaction 1)

bond length B-X ()  AH (kcal/mol)

BBrt 1.823 as systems where the electron cloud of the rare gas atom solvates
He (basis set 6-311G(d,p)) 2.636 79.8 a B ion. Thus, it is intuitively clear that the more polarizable
Ne 2.451 54.9 this electron cloud, the more stable the BXpecies formed.
Ar 2.590 50.1 . & i r
Kr 2635 458 In C_onclu5|or_1, BX_ , I_3Kr , and BAr" have been generated
Xe 2713 38.7 experimentally in stoichiometrically one-to-one halogen/rare gas
BrBXet 1.848 (B-Br) atom transfer reactions and observed under carefully controlled
2.845 (B-Xe) experimental conditions for the first time. The reaction by which
NBO charges in BX X B they are thought to for_m is endothermlc, and _th_e energy reqmr_ed
to drive the reaction is supplied by the collision energy. This
BHe" 0.049 0.998 work provides direct experimental evidence of BABKr+,
He 149 B [He] 2800 - .
BNe* 0.029 0.971 and BXe" produced in controlled mass-selected ion/molecule
Ne [He] 2820257 B [He] 2500 2pP03 reactions with the neutral rare gas atoms, the reactivity and
BAr+ 0.103 0.897 subsequent product yields of which correlate with increasing
Ar [Ne] 3s2903p>984pt92 B [He] 28290 2p-10 polarizability and size of the rare gas electron cloud (He
BKr+* 0.167 200397 et 57 0.833 017 Ne < Ar < Kr < Xe).
Bxe" gr2[7A2r] 4s%%04p**75p" BO[;'Zeg 28029 Considering the widespread use of the rare gases as collision

gases in MS/MS experimefifsand other forms of mass and
collisional spectroscopy, it is of interest to note that these neutral
gases are quite capable of reacting under the conditions typically
used.

Xe [Kr] 551905057 B [He] 28902027

The most favorable laboratory frame collision energy for the
formation of BXe" was found to be approximately4 eV,
and those for BKr and BAr" were 8-10 eV and 9-11 eV,

respectively. These nominal collision energies reflect the Acknowledgment. This work was supported by the Founda-

pressures were used collisional relaxation was a likely process.science Foundation (CHE9732670).

However, even when the pressure was increased so that the main

beam was attennuated by 85%, the yield of BAwas an order
of magnitude less than that of BXeTypical yields of product

ions, as judged simply from the product ion abundances, were

0.2%, 0.4%, and 10% of the mass selected BBeagent ion
(base peak) for BAr, BKrt, and BXe€", respectively (see
Figures 1 and 2). This trend reflects the increasing collision 65, 199.
cross-sections down the group in the periodic table.

The calculated (B3-LYP) structures have bond lengths (see
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