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Molecular clusters of BBrwere subjected to electron ionization and mass analysis in a reflectron time-of-
flight mass spectrometer. Five series of cluster ions were observed, with formulas corresponding to each of
the possible fragment ions of BBbeing solvated by neutral BBmolecules. Geometry optimizations on the
observed cluster ions using density functional theory (B3LYP/6-31G*) predict that fragment ions smaller
than BBg" undergo reactions with neutral BBmolecules to form covalently bound adduct species that
function as core ions within the clusters. Once all boron atoms are saturated, the reactions cease, and larger
cluster ions consist of BBmolecules loosely bound to the core ions. Divalent bromine atoms are present in
at least three of the cluster ions, and most of the intermolecular contact within the clusters is between Br
atoms. Enthalpies of formation, addition reactions, and;B#Himination from the cluster ions were derived

from B3LYP and MP2 calculations at the B3LYP/6-31G* geometries using both the 6-31G* and the
6-311++G(2df,2p) basis sets. The results are compared to limiting expectations based on known bulk
thermochemistry.

Introduction neither BCI nor BCL™ reacted with BGJ under isolated
collision condition These observations do not rule out the
possibility that BCl,™ with n > 1 might be formed under
different conditions. A synchrotron photoionization study of
(BF3)n(CH30CHg)m heteroclusters did yield ions with the
compositions [BFs(CH3OCHg),] ™ and [B:Fs(CH3OCHg)3] *, but
the possible structures of these ions were not addrésked.
seems possible, according to previous work from this laboratory,
that these cluster ions might include theFB" fragment that
was computationally predicted to be ubiquitous ifFR-1"
cluster ions

Plasma processing is an important technique in semiconductor
manufacturing, and the boron halides play a significant role in
such work. The simultaneous presence in a plasma of both
charged and neutral species ensures thatmolecule encoun-
ters will occur and raises the plausibility of iemolecule
chemistry taking place in the plasma. Any resulting reactions
will affect the composition of the plasma, so an understanding
of these reactions will be helpful in understanding and modeling
plasma conditions. Polyboron halides X8, n > 1) are

probably not involved to any meaningful degree in the chemistry Overall, this does not represent a very large or complete body

of the plasma etching process. However, the fact that they have . . o
been synthesized from smaller boron halides in discharges raises f knowledge of the chemistry of Bywith positive ions. In

the question of whether they might be formed, even transiently barticular, BBg and Bl are strongly underrepresented, and very
o . . e . 'few studies have even detected, much less addressed the
in industrial or laboratory plasmagn spite of all this, relatively

. L !
little is known about boron halide iermolecule chemistry. properties of, BXn" with n > 1. In this work, we present some

; - . . aspects of BByion—molecule chemistry as observed in ionized
Several studies have examined reactions of ®Kh various P By Yy

anions, but less is known about the chemistry of these mole(:ulesCIUSterS of BBs. The ion distribution was observed mass

. L . . . spectrometrically, and observed ions were modeled with density
with positive ions. The literature includes reactions ofsB¥th " . .

T - S unctional theory as a means of understanding the structures of
F2* in studies of the gas-phase basicity of that gproton the clusters, iorrmolecule reactions that can occur within them
affinity studies with H* and CH™;% and studies of interactions ' '

with Cgo?", where cage size reduction is seen in the fullerene and the development of the observed mass spectrum. A
607 . . o
after it acquires an electron from a BGholecule? As might particularly novel result is the prediction that covalently bound

be expected from the identities of the reactant cations in thesel':’“Brm(H mo.letles withn > 1 anoform > 3 are formed within
- . . the cluster ions.

cases, no X, species witm > 1 were observed. Formation

of BpXm' with n > 1 would require BX™ (n = 1-3) ions to Experimental Method

be present with BX a situation that has been created in two

studies with X= CI. In a study of BCJ-containing plasma, it

was found that no positive ions heavier than BGlere formed

under their experimental conditions, even though BGh =

1-3) and neutral BGlwere present together in the plashi.

study of BCk ion—molecule chemistry by FTMS found that

The locally constructed, two-chamber time-of-flight mass
spectrometer used in these experiments was only slightly
modified from a previous descriptidfiThe instrument employs
a Wiley—McLaren ion acceleration schefith pulsed volt-
ages. The acceleration pulse was typically efssduration. After
acceleration, the ions passed through a coarse deflector, an einzel

*To whom correspondence should be addressed. E-mail: 1€NS, and a pair of fine-control deflectors before entering the
hales@hendrix.edu. Tel.: 501-450-1203. reflectron.
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The reflectron was modified to include 90% transmission = ' ' ' '
nickel screens at the entrance/exit (ground) and one-fourth of ?
the distance back (variable potential) for clean separation of
the electric fields in the two deceleration stages. Attached to
the grounded entrance electrode was a shield of stiff stainless
steel screen that filled the cross-sectional area of the chamber
around the entrance electrode. This served to shield the field-
free ion flight region from voltages on the reflectron electrodes. 21 B
After energy refocusing in the reflectron, the ions exited at an
angle of 5 from their initial path and impinged on a dual
microchannel plate ion detector. Signal from the microchannel
plates was amplified, then collected and averaged with a digital
summing oscilloscope, and finally transferred to a computer for
analysis.

Clusters of BBg were formed by allowing a mixture of BBr
in helium to expand into vacuum from a variable stagnation
pressure of £7 bar. The expansion occurred through a pulsed BB,
molecular beam valve (General Valve Series 9, 1.1-mm orifice) u
to which was attached a 3(ncluded-angle diverging conical oy
nozzle, 1..27 cm in length. Thg B@He mlxtu_re was formed 0 260 4(')0 600 800 1000 1200
by bubbling He gas through liquid BBKAldrich, >99.99%, m/e
used as received). For a stagnation pressure of 2 bar, the vaporigure 1. Sample mass spectrum obtained with 100-eV electron
pressure of BByat 295 K resulted in a 4% BBmixturel® ionization of BBg clusters.
Variation of the He pressure and the BBemperature allowed
the composition of the gas mixture to be varied from 1% to series can be summarized agBBn+m", with m= +1, 0, —1,
10% BB#. —2, and—3. Cluster ions with a commom are theoretically

The pulsed electron gun used in this ion source was modified predicted to share certain structural characteristics, as discussed
slightly since its previous descriptiéniThe tungsten filament  below, so the various series will often be referred to by threir
was enclosed in a cup-shaped repeller electrode that was cappedalues.
by an extractor electrode. Following the extractor were a  Aside from the cluster ions, some of the lighter mass peaks
focusing electrode and a grounded exit orifice. The extractor observed in the mass spectra are easily identified as the normal
and focusing electrode voltages were optimized with an eye products of electron impact on BBe.g., BBgt, BBr,™, BBr,
toward both the magnitude and resolution of the ion signal, and B*, and Br". Each of these is present with the expected natural
the repeller was fixed at an appropriate negative voltage. Theisotopic distribution. The relative intensities of these light ions
exit electrode was fixed at ground, and a pair of deflector plates differ from those reported for 70-eV electron ionization of
was installed following the exit orifice. The deflector voltages BBrs,'! but that is not unexpected because this experiment differs
were bipolar and symmetric with respect to ground potential, in both electron energy and the use of clusters rather than
which allowed the electron beam to be swept across the clusterisolated molecules. Small peaks corresponding to'Hi8id Be™
beam with minimal effect on the electron energy. The deflector are also present. The presence of'Becould be due to either
setting was optimized for maximum signal, which should ion—molecule reactions within clusters or the presence of
correspond to optimum overlap between the electron and clustermolecular bromine in the liquid BBy possibly formed by

B,Br"

BBr,"
B,Br,"

x 50
B,Br,"

intensity (arb.)

B,Br,"
BBr,"

B,Br,"

B,Br,,"

B,Br,"

beams. decomposition of a small fraction of the BBHBI" indicates
The experimental sequence began with a trigger to fire the minor contamination of the gas inlet system with water. As is
pulsed valve. After a delay that allowed the neutral clusters to evident in Figure 1, the intensities of the= 0 andm = —1

drift to the acceleration region of the mass spectrometer, the series are generally comparable and are much greater than those
electron beam was pulsed on by dropping the extractor electrodeof the other three series. For larger valuesnpB,Brs,* and
of the electron focusing optics from the repeller voltage to an BnBra,—1" are dominant.
appropriate focusing voltage. The electron beam pulse typically The mass spectrometer achieved unit mass resolution through
lasted 2-3 us. The trigger for the ion acceleration voltage pulse BBrs* (m/z= 247-254), and differences in Br isotopic makeup
was simultaneous with the end of the electron beam pulse.  were partially resolved out toBrs"™. However, the lack of unit
mass resolution at higher masses meant that isotopomers of any
Experimental Results particular cluster ion were not fully resolved. Therefore, for each
. S of the heavier cluster ions, a single peak was observed whose
Electron impact ionization (100 eV) mass spectra of 8Br \iqth was determined by the envelope of the isotopic distribu-

cluste_rs show fivg main series (_)f cluster ions. Over several tion. These distributions have a width (fwhm) that is on the
experiments varying the stagnation pressure from 2 to 4 bar ;. 4er of the number of bromine atoms. The result is the

and the gas mixture from 2% to 10% Bf3the series observed  ;5n04rance of mass resolution that is much lower than the actual

and their ranges includediBra.1" (n = 0-6), BiBra," (n = resolution of the spectrometer, which4850 (VAm) at mass
1-7), BBra,—17 (n = 1-7), BBrz—2* (n = 1-4), and 250,

BnBran—3t (0= 1—-4). Figure 1 shows a mass spectrum acquired
with 5% BBr; in helium at a stagnation pressure of 2 bar.
Observation of five series of peaks is in sharp contrast to a
similar study of BF clusters where the only significant series Our computational priorities were (1) qualitative structural
of peaks was FFsn—1".8 Within any one of the five series, the  characteristics, i.e., what molecular fragments cling together to
cluster ions differ by an integral number of BRunits. These form the cluster ion, and (2) trends in cluster energetics. The

Computational Method
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presence of heavy atoms such as Br meant that the inclusion offragment ion plus the appropriate number of BBrolecules.
electron correlation was important for accurate energy calcula- This was accomplished by adding the computational difference
tions, so Hartree Fock and other noncorrelated methods were between BBrz,+m" and the appropriate group of fragments to
not viable choices for this system. The geometries reported herethe sum of the experimentalH,gg values for those fragments
were determined by density functional theory calculations using (eq 1 form = 0, —1, —2, and—3; eq 2 form = +1)

the B3LYP/6-31G* method as implemented in Spartand4.

The requirements of this computational level combined with  AH(B.Br3.1n") = Head BoBranim ) — [Hoad BBraim ) +

the flexibility of the cluster ions makes geometry optimizations +

of large cluster ions impractical. Therefore, we performed this (N = DHead BBra)l + AHIBBrs, o, (9)] +
analysis only for those cluster ions with 15 or fewer atoms. (n — 1)AH[BBr4(9)] (1)
We also made no attempt to correct for basis set superposition

error (BSSE) in these DFT calculations. Instead, we tested the = y +

effects of adding diffuse and polarization functions and use of AHBBIsn 1) = HeadBrBlons1 ) ~ [Head BI) +

a different correlation method by calculating energies for these NH.a(BBry)] + AH[Br(g)] + nAH[BBry(9)] (2)
optimized geometries using the B3LYP/6-31t&(2df,2p),

MP2/6-31G*, and MP2/6-311&+(2df,2p) methods as imple-  The required experimental values &fHzos for BT, BB,
mented in Spartan ‘08 BBrs*, and Br" were derived by combining\Heg for each

The geometry optimizations were performed directly from neutral speciéd with its ionization potential* The ionization
multiple asymmetric initial geometry approximations. The Potential of BBpis unavailable, séHz09(BBr;") was derived
convergence criterion for the energy gradient was the program’s PY €OMbiningAH2qdBBrs) andAHas¢(Br) with the appearance

default value of 4.5¢ 104 hartree bohr®. For ions with even ~ Potential of BBg" from BBr.!! The derived experimental
numbers of electrons, structures were calculated for both singlet®Hz08 values conform to the “ion convention” for treatment
and triplet ground states, whereas doublet and quartet states wer@f the removed electron, so all the enthalpies of formation
considered for ions with odd numbers of electrons. The lower- derived here are also ion convention valifes.

energy result was taken to indicate the preferred multiplicity.
If the optimized geometry was approximately symmetric, then
the molecule was reoptimized subject to symmetry constraints. Overview. In every case studied here, the lowest-energy
For some of the smaller ions (BBr, BBrs*, B,Brs*, B,Brgs", structure has the lowest possible multiplicity: ions with an even
B2Br;*, B3Brgt), the symmetric structure was lowest in energy. number of electrons have singlet ground states, and those with
Vibrational frequencies were calculated for all optimized an odd number have doublet ground states. Certain structural
structures to ensure that they corresponded to energy minimatrends are readily observed. In general, cluster ions in a particular
These frequencies were also used in thermochemical calcula-B,Bran+m™ series consist of differing numbers of BBunits
tions, as described below. All atomic charges reported here arecoordinated to a common,Bran+m unit, usually withn = 2. In
Mulliken charges from the B3LYP/6-31G* calculations, as almost all cases, coordination is between the Br atoms on
provided in the Spartan ‘04 output. neighboring units. Bond distances are conveniently discussed

Structures were analyzed by inspection of electron density in comparison to bond lengths calculated fop, Bnd BBE at
isosurfaces. A surface that encloses the volume with electronthe same level of theory. All BfBr distances in these cluster
density greater than or equal to 0.002 a.u. (electronsger ions are pre_dlcted to be I_onger than the bond length of ne_utral
corresponds roughly to the van der Waals contact surface of aBrz. B—Br distances fall into three groups. Bonds to terminal
molecule. If instead the isosurface encloses only the region(s)Br atoms are 2 3% shorter than a BBr bond in neutral BBy.
where the electron density equals or exceeds some higher value] Nis type of bond occurs in all of the clusters studied here.
then the surface will enclose a smaller volume. When the surfaceBonds from B to Br atoms that interact noncovalently with
value is set to 0.08 a.u., the area between two atoms will be @hother molecular fragment within the cluster are longer than
enclosed within the surface if there is sufficient electron density Ponds in neutral BBy by about 5%. In a few cases (BBy
to constitute a conventional covalent bond between those atomsB2Brs”, BaBre"), we also see Br atoms that bridge covalently
Correspondingly, a gap in the surface between two atoms canP€tween two atoms. In this case, the-Br bonds are about
be taken to imply that there is insufficient electron density to 9% longer than the BBr bond in BBE. _
constitute a covalent bond between those atoms. It is in this Structures for the ions considered here are shown schemati-
way that we distinguished between covalent bonds within cally in Chart 1. All B atoms are marked, and all other vertices

molecular units and weaker interactions between such molecular@nd terminal positions are occupied by Br atoms. To avoid
units within a cluster ion. congestion in the chart, most labeled Br atoms are marked with

All four methods mentioned above were used to calculate pnly a lower case letter as an identifier. The long dashed lines

energies of the B3LYP/6-31G*-optimized structures, and these indicate nonc_ovalent interactions between_ molecular fragme_nts.

. . . he geometries of some of the smaller ions are summarized
energies were used as the basis for thermochemical analyses o}- ; . ) -

. S . numerically in Table 1. Coordinate tables for optimized
these cluster ions. Standard methods of statistical mechanics : . ) )
) . . Lo geometries are available as Supporting Information.

were used to derive translational, rotational, and vibrational
contributions to enthalpy from masses, moments of inertia, and @ Optimized structures for all ions discussed here are
vibrational frequencies, respectively, at 298 K. The B3LYP/6- available as 3D rotatable images in pdb format.
31G* vibrational frequencies were used for all thermochemistry m = 0. The smallest member of the series is BBmwhich
calculations. These enthalpy contributions were added to theretains theDz, symmetry of the neutral molecule. The-Br
computed total electronic energies to find “absolute” enthalpies, bonds are predicted to be 0.02 A shorter in the ion than in the
Hcaie, Which were then converted to enthalpies of formation by neutral molecule. The lowest-energy structure foBig*
referencing to experimental values ffHygg for the initial resembles two BBrunits in contact through Br atoms with

components of each cluster ion: the corresponding 3sBBr overall C, symmetry (Figure 2). Addition of atomic charges

Computational Results
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CHART 1. Schematic Representations of Computationally Determined Structure®

n=1 n=2 n=3 n=4
/
b b. d b 3
NIRRT bl Cpr H
m=+1 B B - LS
2PN | | 1o
d ¢ a a ~o K \
B” "B
~._B
[ ~ B
o do Ao
- | b\B“\a a'B/b $© B »
m=0 _B_ R ; b—B L B
¢ ¢ a i
a ¢ NN
m=-1  —B— Pgr g - - - e
i H b B / B | B
a e iz, " B ]
¢d
/
£ g /B—B,,
- _ brin_ -B.--e, - o
m=-2 B—Br B B\d b\a\(\B d IB/f [ 3
d “ P
a\B B—b g 8
= —B— / B
m=-3 B / wB-F e PPN N
b v N ~
aB atoms are labeled; all other vertices and termini are Br atom positions.

shows that the charge is shared equally across both @its,

[CCSD(T)/CBS with scalar relativity and corealence cor-

a condition that is expected here because of symmetry. Therelation]” 1.755 A (CASSCH-CI with averaged atomic natural
distance between the linking Br atoms is 3.277 A, markedly orbital basis sets)f and 1.766 A (B3LYP/cc-pVDZ}? There

longer than that calculated for neutral ,.BfThe structure
predicted for BBrg™ is an extension of the Brs™ structure,
with two Br++Br interactions. Compared to,Brg", the Br--

is no obvious trend in these values with level of theory, but our
computational bond length of 1.761 A falls in their midsg- B
Brs™, observed previously in mass spectrometric analysis of a

Br distances are longer (4.021 and 4.033 A vs 3.277 A), and B,Br4 sample? has approximat®;; symmetry. The structure

the B—Br---Br angles are larger (123126° vs 118.7). The
charge is spread among all three BBnits with slightly less
on the central moiety40.294) as compared to the outer units
(+0.353 each).

m = —1. The smallest member of this series is BBwhich
our calculations predict to be linear witb., symmetry, as
expected for a 16-valence-electron AfBoleculel® The second
member of this series is Brs", whose structure does not
contain an identifiable BBI* fragment, but instead involves a
bridging Br atom in a structure with approximage symmetry

with exactD,q symmetry is higher in energy, but by only 3.1
x 1075 hartree~ 0.08 kJ mofL. B,Brs™ is a single covalently
bound entity, as seen above foi8s*. Larger members of this
series have BBrmolecules coordinated through Br atoms to
Br atoms of a BBr4 unit. B4Brio", which has approximat€,
symmetry (Figure 4), differs from Br;* only by the presence
of a second BBymolecule. The bond lengths and bond angles
of the B:Br;* fragment within BBryg* differ from the equivalent
entities in the optimized structure ofBr7* by no more than
0.025 A and 2, except for “intermolecular” quantities: the Br

(Figure 3). All larger members of the series for which structures --Br distance (0.19 A), a BBr-++Br angle (6.3), and the B-Br-

were calculated include the,Brs fragment, although it is
significantly twisted in the case ofBrgt. B,Bri;™ has two
BBr; units coordinated to the Brs moiety in a manner that
results in approximat€, symmetry. BBrg™ and BBry;* stand

--Br—B dihedral angle (%).

m = —3. Then = 1 member of the Brsz,—3" series is the
atomic ion B, so our discussion begins withBrs™. This ion
finds its minimum energy in a plan@, structure. This structure

out in that they show the greatest concentrations of charge onis homologous to BBf in that it can be formed from the latter
a single fragment of any of the cluster ions studied here: by replacing—Br with —BBr,. B,Brs™ was observed in the same

addition of atomic charges places the charge on thBr
fragment at+0.975 and+0.983 in BBrgt and BBri;",
respectively, so the coordinating BBnolecules are essentially

experiment as Br,"; among all ions reported here with more
than four atoms, they are the only two ions to have been
observed previousl§? B3Brg™ (Cs symmetry) is a single

neutral in each of these cases. Another feature common to theseovalently bound unit according to the electron density criteria
two cluster ions is that the primary intermolecular interaction described above. BBrand BBr; substructures are apparent,

within each cluster is between BBbromine atoms and the
central Br of the BBrs fragment. For BBrg™, this is also the
closest contact point between the two molecules. JBrg™",
the BB bromine atom is slightly closepta B atom in BBrs

but it is best described as a homologue eBB™ in which one
of the terminal Br atoms has been replaced wiBr,. Electron
density isosurfaces indicate thajfBy™ can be represented as
a cluster of three separate units: two BBnits are coordinated

(3.998 A, 4.094 A) than to the central Br atom (4.110 A, 4.112 through Br atoms to the unsaturated B atom of a beirg

A), although the electron density along the-Br line is greater
at its minimum by 10% than that along the-Br line.
m = —2. This series is one of only two, along withBrs,—3",

in which adjacent B atoms are predicted. The smallest ion in

this series is BBF. Previous theoretical predictions of the BBr

unit (Br.B—B—Br angle= 135). This is the only case studied
here in which Br— B coordination between fragments is
computationally predicted.

m = +1. BBr4* is a single, covalently bound, planar unit in
which an “extra” Br is attached to a Br atom of BBin B,-

bond length have varied, including such values as 1.743 A Br;7, a second BByis coordinated to the extra Br atom in
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TABLE 1: Computational Geometries of Selected Species
(B3LYP/6-31G*)a

species  bond length (A) bond angle (deg) dihedral angle (deg)

neutrals
Brz Br—Br 2.324
BBr3 B—Br 1.919 BrB—Br 120.00

m=0

BBrs* B-Br 1.899 Br-B—Br 120.00
B:Brg"™ B—a 1.962 aB-b 113.12 aa—B—-b —173.46
B—b 1.897 aB-c 121.52 aa—B-c 6.42
B—c 1.882 b-B—c 125.36 B-a—a—B —70.33
a—a 3.277 B-a—a 118.71
m=-1
BBr,© B—Br 1.771 Br-B—Br 180.00
B.Brs* B—a 1.862 aB-b 129.04 aB-c—B —15.77
B—b 1.867 aB-c 12040 b-B—c—B 167.88
(b-)B—c 2.083 b-B—c 11043 &B-c—B 154.47
(d=)B—c 2.091 B-c—B 116.34 eB—c—B —29.76
B—d 1.866 c-B—d 110.95
B—e 1.862 eB-e 119.55
d—B—e 129.33
BBr*  B—Br 1761 m=-2 Eigfre II2. Or?timized strulctlére agd eltfectroln Qen_?_itt]y ils'0ﬁurfa|ces§et: I|3I
: re*, all at the same scale but offset for clarity. The light colored balls
BoBrg* E:S 112%31 :2:3 ggg;‘ :E:g:g _gg% represent B atoms, and the darker balls represent Br atoms. The mesh
B—b 1:864 B-B-a 113'.04 b-B—B—c 90:14 surface_ represents an electron density of 0.002 a.u. and cqrresponds
B—c 1865 B-B—b 11292 b-B—B—d —89.89 approximately to the van der Waals contact surface. The solid surface
B—d 1.865 B-B—c  113.13 represents an electron density of 0.08 a.u. and encloses regions of
B—B—d 112.90 sufficient electron density to be considered covalent bonds.
m=—3
B.Brs* B—B 1.665 aB—B 180.00
B—a 1.768 B-B—b 116.29
B—b 1.886
BsBrs© B—B 1.685 aB-B 117.87 aB—-B-b 89.53
B—a 1.902 B-B-b 128.78 aB—-B-—c 90.47
B—b 1.859 B-B—c 109.37 B-B—c—B 180.00
(b—)B—c 2.092 B-c-B  120.42 b-B—c—B 0.00
(d=)B—c 2.086 e-B-—d 110.05 B-c—B—-d 180.00
B—d 1.868 e B—e 120.79 B-c—B-—e 0.00
B—e 1.861
m=+1 cREaR=E LR
BBrst* B-a 1.867 aB-b 133.86 aB—c—d  180.00 5! B
B—b 1.846 aB-c 105.91 b-B—c—d 0.00
B—c 2.089 B-c—d 109.86
c—d 2.334
B:,Br,t B-a 1878 aB-b  126.40 aB-c—d —4.68 ; i
B—b 1.882 aB-c 120.46 b-B—c—d 175.38 ; A
B—c 2010 B-c-d  108.29 B-c—d—c  142.43 iy !
c—d 2614 cd-c  178.38 S sdraee” i\

@ Lower case letters refer to Br atom labels in Chart 1. : R i

BBr4*. In this C-symmetric ion, the Be-Br-+-Br angle through
the central Br atom is very nearly linear at 178.%he Br—Br ) o o
distances are greater inir;" (2.61 A) than in BBy (2.33  F19ure 8, Optimized sttucture and electron derly isosurfaces for &
A), and it is best described as two BBmits coordinated to a 5 :
central Br atom. The charge is distributed evenly over the two
BBrs units, whereas the central Br atom is nearly neutral at , 1, ; ;
' . . . . ese AfHaog values were used to determine reaction
+ +
+0.060. BBry5" includes the BBr7 structure with at_hlrd BRy .. enthalpies for two classes of reactions. Elimination of 8Br
molecule loosely attached to a bridging Br atom in one of its molecules from cluster ions is an important process in the

BBrs molecules. The geometry of the,f; unit is nearly development of the observed mass distribution, and predicted

unchanged by the addition of the third olecule, as bond . . .
Iengthsgand gond angles are found to E‘iﬁgr by less than 0 002enthalpy changes for that process are listed in Table 3. Reactions
. _forming the core ion of each series as an adduct betweegp BBr

A and T, respectively. The only significant change in the ) . .
geometry of the BBr; unit is the B-Br(—Br)—Br—B dihedral and an appropriate BBrfragment ion are also of interest.

angle, which is greater in 8rig" (127.6) than in BBr* Er_]thalpi_es of these react_i(_)ns are (?asi!y fc_Jund frah(BBr3

(75.5). The charge on the third BBmolecule in this cluster ~ €limination), as each addition reaction is simply the reverse of

ion is only+0.013, much less than the chargestd.452 and ~ ©ne of the BBg elimination reactions.

+0.476 on the two BBy moieties in the BBr; unit. The uncertainties listed in Table 2 are wholly derived from
Thermochemistry. Enthalpies of formation for the ions experimental uncertainties in ionization potentiais= 0, —2)

addressed here, calculated as described above, are listed in Tabkend an appearance potentiah & —1). No uncertainties are
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TABLE 3: Computational Enthalpies of BBr 3 Elimination,

kJ mol—1
B3LYP/ MP2/
6-311++G MP2/  6-311++G
B3LYP/6-31G* (2df,2p) 6-31G* (2df,2p)
m=0
B.Bre" 56.9 12.1 48.7 61.5
B3Bro* 17.9 -3.1 —67.8 —48.4
m=-1
B.Brs* 55.4 38.1 68.4 86.6
BsBrg* —4.3 —-19.6 15.1 25.0
BsBrit —10.4 —25.7 1.4 N/A
m=-2
BoBrs* 282.6 268.0 263.4 279.9
B3Brs+ 19.3 -1.1 -9.0 —4.6
B4Brig" 6.8 —12.5 -1.4 2.8
m= -3
Figure 4. Optimized structure and electron density isosurfaces for B B,Brs* 432.7 428.2 392.0 410.3
Brigt. The structure and isosurfaces are as in Figure 2. BsBrs" 54.9 39.0 76.9 96.9
_ ) _ B4Bro* -8.6 —24.6 22.4 42.8
TABLE 2: Computational Enthalpies of Formation, kJ m= 41
_1 -
mol BBr,* 301.8 303.6 244.2 299.6
B3LYP/ MP2/ B2Br;* 65.7 43.9 53.1 70.1
6-311++G MP2/ 6-31H+G BsBrig* —6.6 —20.6 8.0 16.5
B3LYP/6-31G*  (2df,2p) 6-31G* (2df,2p)
neutral Discussion
BBry(g) —204.18 —204.18 —204.18 —204.18
m=0 Structures and Reactions.The formulas of the five series
BBrs* 809.9+ 2° 809.9+2°  809.9+2°  809.9+ 2° of ions observed correspond exactly to addition of BBr
BzBfei 548.84 2 593.6+ 2 557.0+2 5442+ 2 molecules to each of the five ions that can be formed in electron
BaBro 326.7+2 3926+2 42062 388442 ionization of BBE. The structures expected from this description,
. m=-1 assuming no additional bond formation or breakage, would look
BBr2 716.0+20°  716.0+20° 716.0+20°  716.0+ 20 like BBrz molecules clustered around BBy BBr,™, BBr™, BT,
B2Brs* 456.44 20 473.7420 4434+ 20 4252+ 20 d Brt f 0 -1 -2 -3 and+1 velv. Th
BsBrgt  256.520  289.1£20 2242+20  196.0+ 20 an orm=4,—1, =z =5, an , respectively. The
B4Bri1" 62.74+ 20 110.74 20 18.6+ 20 NJ/AC computational results predict that the cluster ion structures do
m= —2 resemble BBy molecules coordinated to a central ion, although
BBrt+ 1267.0£ 200 1267.0£ 200 1267.0£ 200 1267.0+ 20° the central ion is not always an electron ionization product of
BzBu: 780.24+ 20 7948420  799.4+20  783.0+20 BBrs. These deviations of the calculated structures from the
535:7 . gig;i 28 ig(l)-:i gg 28‘1"-5% 38 g?g-ii 38 simplest possibilities indicate that iemolecule reactions have
4=o : ’ : : taken place within those clusters. In most cases, the positive
m=-3 i i i i
charge is not localized on one fragment in the cluster ion, but
B* 1360.¢ 1360.6 1360.6 1360.¢ . L ’
B,Brs* 7237 728.2 764.4 746.1 is shared throughout the clust_er. This indicates that the_ clusters
BsBrs* 464.6 485.0 483.3 445.0 are not held together solely by intermolecular electrostatic forces,
B4Bro* 269.0 305.4 256.7 198.0 so the structures cannot be predicted and the computationally
m=+1 determined structures cannot be justified solely on the basis of
Brt 1251.7 1251.7 1251.7 1251.7 electrostatic interactions between an ion and thesBBiecules
BBI’4Jr 745.7 744.0 803.3 747.9 that surround |t
B2Brs* 475.8 495.8 546.0 473.7 o fth dicted ol . |
BsBrgt  278.2 312.3 333.8 253.0 Examination of the predicted cluster ion structures reveals a

) ] trend in intermolecular contacts within the clusters. yBB™,
2 Experimental value from ref 13.Calculated from experimental from the most bromine-deficient series, there are two 8BBr
values as described in teXtOur hardware was insufficient to complete . ’ .
the calculation for BBry.. molecules coordinated to one of the B atoms in the central B
Brsz moiety, and BBry1™ has one BBymolecule coordinated in
a somewhat ambiguous fashion to each face of the cengral B
listed for some species because either the quantities used t@Brs moiety (see below). Aside from these exceptions, all
determine those values are known with significantly greater intermolecular contacts within the clusters are Br to Br. This
precision [IP(B), £0.002 kJ motl]** or no uncertainty is differs from the structures calculated forfB,-1", where F—
provided in the reference{AH[BBrs(g)], AsH[B(g)], B coordination is dominartThe F— B coordination observed
AfH[Br(g)], IP(Br)} 1314 No uncertainties are listed for reaction prewously was explained as arising from e]ectrostanc interac-
enthalpies because the uncertainties inAftsos values within tions between closed-shell fragments within the clusters. The
a series all arise from the same source, and so have the samBigh electronegativity of fluorine results in a greater degree of
magnitude and direction, cancelling out in the calculation of charge separation along# bonds in BFsy-1" than would be

i +
differences. The enthalpies of reaction are thus reflective of only gxpected for bonds in 'B.rm - Therefore, the streng_th of th?
. . I intermolecular electrostatic forces should be lower with bromine
the computational results with no contributions from the

. . than with fluorine, and apparently these forces are not sufficient
experimental values used to finkiHzos to control the geometry in the Bry,," case.
For reasons discussed below, all thermochemical values cited Electron ionization of a molecule forms an excited ion that
in the Discussion are from the MP2/6-3t+G(2df,2p) model. then can break into fragments. When this happens to a molecule
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within a cluster, the fragment ion also interacts with nearby a)
neutral molecules. Any energy released in a reaction can be
carried away by evaporation of molecules from the cluster, so
the formation of stable adducts is possible. The resulting
observed cluster ion distribution is the result of both reactions
within and evaporation of neutral molecules from the clusters.
The computational results above imply the formation of adducts
in most cases, although the reactions do not appear to continue
indefinitely. Larger members of then < O series are best
represented as adduct ions that are solvated by some number
of BBr3 molecules, whereas larger members ofithe= 0 and

+1 series consist of BBrmolecules solvating ions produced

in electron ionization of BBy The formation of each series is
discussed in turn below.

m = 0. This series is the only one observed here in which
all of the ions can be formed without the formation or breakage
of covalent bonds. BBF ions simply are solvated by surround-
ing neutral BBg molecules. In these clusters, excess energy from
the ionization process is dissipated by cluster evaporation rather
than ion fragmentation. As noted above, the® distance in . . . . L

. . . S Figure 5. Possible approaches leading to adduct formation within
BBrs is predicted to decrease very slightly upon ionization to 'ster ions: (a) BB (LUMO) + BBrs (HOMO) — B,Brs*, (b) BBr*
BBrs". The HOMO of neutral BBy consists of one p orbital  (highest filed MO) + BBrs (LUMO) — B.Brs*, (c) excited B
from each Br atom, perpendicular to the-Br bond and in the (HOMO) + BBrs (LUMO) — B:Brs*, (d) Br* (LUMO) + BBrs
molecular plane. The three Br orbitals are arranged such that(HOMO) — BBr4*.
all Br—Br interactions are between lobes of opposite ph@sge (
symmetry). This molecular orbital is -BBr nonbonding, so . . .
removal of electron density from it should have a small effect Br line (longer distance) can be understood by comparing the

if any on the B-Br bonds. The small decrease in bond length ntératomic distances in question to typicat-Br and Br-Br
can be rationalized in that removal of electron density from this _bond lengths. The average of the twe Br distances in question

T : X .
molecular orbital should result in less repulsion between the in B4Bruy IS 211 times the BBr distance in BB, bl{t the

Br atoms, allowing them to move in closer to the central B corresponding BfBr distances average to only 1.77 times the
atom Br, bond length. This is the reasoning behind the structure

Cluster ions in this series consist of groups of BRnits shown in Chart 1, although the interaction between Br atoms
. . , appears to be only slightly stronger than that between B and Br
interacting through Bf-Br contacts. The BrBr distances are bp y shightly 9

S i ! atoms.
all significantly greater than predicted for neutral,Bwhich

be taken to indicat int i h ker than th BF,t is the dominant ion formed in electron ionization of
can be taken to Indicale an interaction much weaker than thepge. a1\ pich js why BFs,—1" was the dominant series observed
covalent bond in the Bmolecule. This notion also is supported

o _in electron ionization of (BE,2 Likewise, BBr" is the
by the 0.08 a.u. electron density isosurface shown as the sollddominant ion formed in ele(ct?(;n ionization of B;# In this

f’#rfscﬁ |n_F|gL:cr§ ?k As c;luTter |S|ze Igrows, %nbapproac? ?Vyl_?]rd context, the prominence of the = —1 series is no surprise.
€ behavior of bulk neutral molecules would be expected. The ., _ 5 ne BBy, structure is homologous to BBin that

greater Br-Br distances and shorter bonds between B and it can be formed by substitutingBBr, for —Br in BB, It is

br|dg|r!g Br atoms in BBrngr as compargd to BW’ .bOth of likely the product of adduct formation between BEnd BBE.
which |nd|ca.te ?Wea."er Ir}te'rmolecular interaction in the larger The predicted structure, with neighboring B atoms, implies that
cluster, are in line with this idea. there is an insertion of the B end of BBinto a B—Br bond of

m = —1. The members of this series are structurally similar gy, we suggest that this insertion begins with BBap-
to those in the analogous series formed by ionization of BF proaching BBs as shown in Figure 5b. The highest fully
clusters, but generally less symmetftidhis series begins  occupied orbital of BBF (there is a singly occupied orbital at
forma”y with BBr2+, but all heavier ions in the series include S||ght|y h|gher energy) can donate electron density to the LUMO
the B,Brs* fragment. BBrs* is the adduct between BBrand of BBrs, which will weaken the B-Br bonds in BB and allow
a neutral BBg molecule, the formation of which is predicted to  the BBr* to insert its B atom into one of those bonds. This
be exothermic by 86.6 kJ ndl. A pair of orbitals that can  reaction is predicted to be significantly exothermic wihi =
overlap favorably in the mutual approach of these two species —279.9 kJ mat?.
are the LUMO of BBg* and the HOMO of BBs (Figure 5a). Larger ions in this series all include theB, fragment. The
The overlap ist-type between the lobes on a Br atom of BBr - HOMO of B,Br,* (singly occupied in the ion) is-bonding
and the B atom of BBf". Donation of electron density into the  petween B atoms and includes favorable interaction between
BBr>* LUMO, which is B-Br antibonding, is consistent with  the pair of Br atoms at either end of the molecule. Therefore,
the increase in the BBr bond length from BBy" to B,Brs*. additional electron density in this molecular orbital should

The prediction that the Brs fragments in BBrg™ and By reduce the B-B distance and the BrB—Br angles. In the
Bri carry nearly complete-1 charges implies that minimal — geometry predicted for Br;+, the HOMO of BBg overlaps
electron sharing takes place between fragments within theseeffectively with this MO, donating some charge density into it
clusters. There is some ambiguity in the interaction of thesBBr as BBr;" is formed and reducing the charge osBB, from
molecules in BBri;t with the central BBrs fragment, as +1 to +0.667. The same process is repeated at the other end
described above. The fact that the electron density along theof the molecule to form EBrig", which further reduces the
B—Br line (shorter distance) dips lower than that along the Br  charge on the BBr, fragment to+0.486. The B-B distances
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TABLE 4: Geometry of B,Br4 Moiety within m = —2
Cluster lons

B—B distance Br—B—Br angle

ion A (deg)
B.Br," 1.822 133.97,134.04
B3Bry* 1.746 127.55, 127.66
B4Brig" 1.723 125.45,125.62

and B—B—Br angles change exactly as expected for electron
density donation into theBr, HOMO (Table 4). The two Br
B—Br angles in each case differ by less thar’0e¥en for the
asymmetrically coordinated Br, unit in BsBr7™.

m = —3. The formula for BBrs* corresponds to adduct
formation between BBrand Bf. The LUMO of BBr is
m-antibonding between B and each Br. Electron ionization at
100 eV is an energetic technique, and it is quite likely that some
fraction of the B ions are formed in the two lowest excited
terms, i.e.3P at 4.63 eV andP at 9.10 eV, each with a nominal
electron configuration of [He]28pl.??> As the occupied 2p
orbital of such an excited Boverlaps with the BBy LUMO
(Figure 5c¢), the donation of electron density into the LUMO
will weaken the B-Br bond, easing insertion of Bto form
B,Br3* with the computationally predicted structure.

Computational thermochemistry predicts formation eBB™
from BBr; and B to be highly exothermic witAH = —410.3
kJ moll, assuming ground-state reactants. Starting with the
excited states specified above, the reaction would release 85
or 1288 kJ moatl, respectively, if ground-state products were

formed. This large amount of energy must be dissipated by some

mechanism in order for the adduct to survive. The amount of
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(Figure 5d). Whatever the mechanism for its formation, the Br
Br bond in BByt is only 0.01 A longer than that in Br
implying a rough equivalence between these two—Br
linkages.

The Br—Br interactions in BBr;™ are quite different. The
substantial increase in length compared to BHs in accord
with the electron density isosurface that shows a gap in each
region between Br atoms. The implication is that the” By
unable to make two bonds to BBthat are as strong as the
lone Br—Br bond in BBg™. This conclusion is also supported
thermochemically, as removal of BBrom B,Br;* is predicted
to be only 70.1 kJ mol endothermic, as compared to 299.6 kJ
mol~1 for BBr4+. B,Br;" thus appears to be a Bion that is
solvated by two BBy molecules.

To extend this analysis tosBrig", consider it to be a B
Br;" unit with an added BBrmolecule. This third BBymoiety
does not interact directly with the central Br atom, but instead
interacts with one of the BBrmolecules in the Br;" unit.
The third BBg is essentially neutral, with a charge of only
+0.005. The presence of the third BBeaves the geometry of
the B;Br;" unit almost unchanged, and the enthalpy cost for its
removal from BBr¢t is predicted to be significantly less than
that required for BByelimination from BBr;*. This interaction
is so much weaker than those inBB7" that it might be taken
to be the beginning of a second solvation shell for the Bn.

%n this picture, the first solvation shell for Biis complete with

two BBr3z molecules. If additional BBrmolecules are attached
to this system with equally weak interactions, then the low
intensity of those cluster ions in the mass spectrum is quite
reasonable.

energy removed per evaporated molecule is much smaller than

these amounts, so complete evaporation of the cluster and/or

fragmentation of the newly formed ,Brs* ion might be
common outcomes. This would explain the overall low intensity
of the series despite the favorable thermochemistry f@r§
formation.

BsBrs™ is a single covalently bound unit, which does not
comply with the pattern of BBrmolecules coordinating to the
n= 2 ion as seen in them= —1 and—2 series. The clue to the
cause of this behavior lies in the structure’s similarity tg B

Brs*. Both of these species can be viewed as coming from a

BBr; molecule adding to the unsaturated B atom in an ion, either
BBr," or BoBrst. In B4Brg", two BBr; molecules are coordi-
nated via Br atoms to the unsaturated B atom ohBrBunit.
The intermolecular B Br distances differ significantly at 2.204
and 3.107 A. The shorter of these two is not far off the typical
distance of~2.1 A between B and a covalently bridging Br.
Inspection of the BBrq™ electron density isosurface shows that
this particular connection is almost enclosed within the sur-
face: the electron density is only slightly below the arbitrary
cutoff for what is considered a covalent bond. It is almost
equally valid to consider fBrq™ to be one BB unit coordinated

to BsBrg™ as it is to treat it as two BBmolecules coordinated
to BzBr3+.

m = +1. This series should arise from formation of *Br
within a BBr; cluster. Our computations predict that the reaction
Br™ + BBr3 — BBrs" is exothermic by 299.6 kJ mol. The
ground electron configuration of Brincludes two unpaired
electrons in 4p orbitals, so interaction between the singly
occupied Bf HOMO and the BB LUMO, similar to that
shown in Figure 5c, could lead to insertion of the Br atom to
yield BBr4t. Alternatively, it also is possible that the initial
interaction between Brand BBg is o overlap between one
lobe of the BBs HOMO and the Bf LUMO, which is its 5s
orbital. This would lead naturally to a nonlinear-Br—Br angle

Thermochemical Trends.Within any single series of ions,
the calculated values for enthalpy of formation decrease with
increasing cluster size. In the limit of very large cluster size, a
cluster ion becomes essentially a droplet of liquid B®Bith a
small perturbation due to the presence of a single solvated ion.
Therefore, as becomes very large, we would expetiHags

to approach the value dfH,0dBBrs(l)] = —238.49 kJ mott.2
Although none of the ions treated here gkl gg < 0, all five
series show trends in this direction with increasmgegardless

of computational method.

All four reactions that form adduct ions from BBragment
ions and BBg molecules are predicted to be exothermic, as is
the reaction forming the Brs™ complex. The reactions with
the most negative enthalpies are those forming,8B8,Brs*,
and BBr,", and the exothermicity of the reaction forming-B
Bre™ is much lower. The obvious difference among these cases
is that the first three are cluster ions in which all atoms are
joined covalently in a single molecular unit whereasBB™"
consists of a pair of BBrunits held together by a weaker
interaction. The surprise, then, is that the enthalpy of the reaction
forming B;Brs™ is much closer to that for 8Brs* than it is to
those for BBE", B,Brs™, and BBrs", even though the seven
atoms in BBrs* comprise a single covalently bound molecular
unit. This might be due in large part to the relatively high
stability of the BBg" ion, which is a reactant in the formation
of B,Brs*.

Elimination of BBr; is most endothermic for small clusters
and becomes gradually less endothermic as cluster size increases.
As any cluster ion breaks apart, the attractive interaction between
the charge on one fragment and the induced dipole (or
permanent dipole) on the other fragment resists the separation.
The charge is more localized on smaller cluster ions, so the
barrier to separation presented by this attractive force is greater
for smaller cluster ions. This chargénduced dipole force is
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stronger and operates over longer distances than the inducedmount of energy required for the next evaporation step. The
dipole—induced dipole interactions present in the bulk ligtfid.  enthalpy of BBg elimination from a cluster is therefore an upper
The enthalpy of BBy elimination from these small cluster ions limit for the amount of internal energy left in that cluster if
should therefore be no less than the bulk enthalpy of vaporiza- evaporation is no longer possible. As discussed in the previous
tion, which is 34.4+ 0.1 kJ mot .23 With all four computational section, the enthalpy of BBrelimination for any given step
methods used here, each ion that is predicted to be a singleshould be no less thak,,H(BBr3) = 34.4 kJ mot?, and higher
covalently bound unit ha&H(BBr3 elimination)> AyaH(BBrs3). values are predicted for the smallest cluster ions. Therefore, the
Among the clusters that include molecular fragments held clusters can have significant internal energies when the evapora-
together by noncovalent forces, the number meeting this standardion process is complete. This will result in clusters that explore
varies by computational method. In some clusters, we even seea variety of conformations. However, once the internal energy
negative values. is low enough for evaporation to cease, it also will be low
This situation provides criteria by which we can compare enou_gh that covalent bonds should_r_ema_in intact. The theoretical
the different computational methods used here. Values for Predictions about cluster composition in terms of molecular
AH(BBr; elimination) that are positive but less thap,H[BBr - fragments held togethgr in a cluster by npncovalent interactions
(I)] are clearly too low. Negative values, which would indicate Should hold, although internal energy might cause the arrange-
instability toward dissociation of clusters that are experimentally Ment of the fragments relative to each other to vary from the

observed, are even further off the mark. The MP2/6-3+G- computationally predicted structures.
(2df,2p) method fares best by these criteria, as it has both the )
fewest values ofAH(BBr3 elimination) < AyapH[BBr3()] and Conclusions

the fewest negative values favH(BBr3; elimination). For this
reason, we have used thermochemical values derived by this
method throughout this Discussion. Interestingly, the method
that fares worst for nearly all clusters is B3LYP/6-31£G-
(2df,2p). The addition of diffuse functions might be expected
to yield improved thermochemical results in clusters that include
noncovalent interactions, and expansion of the basis set from
6-31G* does result in more positive (or less negative) dissocia- ¢ exothermic reactions take place within many of the clusters
tion enthalpies for all of these cluster ions under MP2. However, ;1 t5rm covalently bound species that are larger than;BBr
the results with the expanded basis set are actually 1€SSgach case, the formation of new covalent bonds can continue
reasonable under B3LYP. until there are no remaining unsaturated B atoms..BBnd

For MP2/6-311-+G(2df,2p), apparently the best of these four BBr+ each require one BBmolecule to complete the process:
methods, only BBre", B:Br7*, and BBrg™ among clusters with  the B in BB+ attaches to a Br of BBrand BBr* inserts its B
noncovalent interactions have\H(BBr; elimination) > atom into a B-Br bond so that their B atoms all have three
AvapH(BBr3), and BBr7*, BsBrg*, BsBro*, BsBrig", and B bonds. B, however, requires two BBmolecules: B inserts
Brigt have values that are too low. One possible explanation into a B—Br bond to form BBrs*, and the divalent B atom in
for low AH(BBr3 elimination) values would be that we did not  that species can then bond to a Br atom of a second BBr
locate global minimum-energy structures for those cluster ions, form BsBrs*. In most of these cases, it is possible to suggest a
despite using several different initial geometries for each cluster, set of frontier molecular orbitals on the fragment ion and the
including structures with networked B atoms, chains of B atoms, neutral BBg that can overlap in the initial stage of adduct
and structures with bridging Br atoms. However, with the single formation. Computational analysis of transition states for these
exception ofm = —3 with MP2/6-31%+G(2df,2p), low  reactions is required before these suggestions can be substanti-
enthalpies of BBy elimination appear to be a problem across ated.
all series and with all methods. Therefore, it seems ||ke|y that The formation of ions Containing more than one B atom and/
these computational treatments systematically underestimate ther more than three Br atoms is only predicted computationally
strength of intermolecular interactions within these cluster ions, at this point and needs experimental verification. This can come
even with a basis set including diffuse functions. It also is in at least two ways. One way is to probe the clusters themselves
notable that, by the criteria used above, MP2 yields improved by examining their dissociation behavior. Measurements of
results over B3LYP for singlet species & —3, —1, +1), but energy thresholds for BBelimination from clusters would be
the results for doublet speciesi & —2, 0) are less reasonable  particularly useful, and high thresholds for such elimination from
than those from B3LYP/6-31G*. This apparent discrimination the small cluster ions that are predicted to be covalently bound
between singlet and doublet species also points to shortcomingsyould support the computational results. A second means of
in the computational treatments used here, at least for thistesting the theoretical predictions would be to investigate

chemical system. Overall, it seems clear that the enthalpies ofreactions between neutral BBmolecules and each of the
BBr3 elimination in Table 3 should be viewed with caution, fragment ions formed in electron ionization of BBr

particularly for larger cluster ions. However, even though some

of the values themselves are clearly too low to be realistic, the  Acknowledgment. This work was supported by the National
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We observed a series of cluster ions corresponding to each
of the five ions that can be formed by electron ionization of
BBrz and found the relative intensities of the series to be roughly
parallel to the observed relative intensities of the BiBagment
ions in the mass spectrum. These facts imply that each cluster
ion results from ionization and fragmentation of a single BBr
molecule within the cluster. Our computational studies predict
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