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diate, which would be expected to lead to rearrange-
ment. It is interesting that this proposal of a square-
pyramidal geometry for the intermediate [Ru(en).Cl]2+
is in accord with Pearson’s theoretical prediction® that
this is the most stable geometry for a five-coordinate
low-spin d® complex.
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In a recent mass spectrometric study, Lawless! re-
ported evidence for dimers of SbF; and BiF; in the gas
phase but found no evidence for (BiF;),, # = 3 or 4, nor
presumably for (SbF;),, # > 2. From these observa-
tions Lawless suggested that the dimers have a double
fluorine bridge structure and that the preferred inter-
pretation? of the *F nmr spectrum of liquid SbF; should
be in terms of dimeric units. Miiller, et ¢l.,® have also
shown that the mass spectrum of gaseous SbF; con-
tains small amounts of dimeric ions. However, a
number of recent studies suggest higher concentrations
of SbF; dimer than were found in either of these mass
spectrometric studies;*~ some also find evidence for
higher agglomerates.>”’

The concentration of associated species will be
greatest in the saturated vapor which is in equilibrium
with either the solid or liquid phase. In the work of
Lawless,? this condition will be more nearly approached
for BiF; than for SbF;. TUsing a molecular beam
source mass spectrometer,” we were able to find sub-
stantially more dimer in SbF; vapor than either Law-
lesst or Miiller, et al.,* as well as higher agglomerates up
to the pentamer. Therefore we have studied the sat-
urated vapors of PF;, AsF;, and BiF; to gain insight
into the vapor-phase structure of the group V penta-
fluorides.

The molecular beam sources and collimating orifices
were fabricated from Monel and heavily prefluorinated.
Effusion took place from either a 0.025- or a 0.038-cm
diameter orifice. The temperature of the gas inlet was
maintained by melting slush baths, and the solid
sources were heated with resistive windings. Source
temperatures were monitored continuously with ther-
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Notes

mocouples. The mass spectrometer was a modified EAI
quadrupole with an Extranuclear Laboratories power
supply. The electron energy in the ion source was 70
eV. The molecular beam, electron beam, and resul-
tantions were on mutually perpendicular axes.

PF; was obtained from Matheson, AsF; and BiF;
were supplied by Ozark-Mahoning, and SbF; was from
Allied Chemicals. All were used without further puri-
fication. PF; and AsF; were handled on a Monel
vacuum line; BiFs; was loaded into the solid effusion
source in a dry, oxygen-free helium atmosphere (O, -+
H,0 concentration below 1 partin 108).

PF; vapor was sampled effusively from a gas-solid
equilibrium at 162°K; AsF; was similarly studied at
191°K. In neither case could any association be de-
tected, which means an upper limit of dimeric ions of
less than 1 partin 104

For BiF; a satisfactory molecular beam was obtained
between 341 and 361°K, corresponding to vapor pres-
sures between 1.2 and 2.1 Torr. The fragmentation
pattern for BiF; at an effusion source temperature of
360°K obtained in this study and that due to Lawless
are given in Table I. Similar data, for SbF;, including
a comparison with the work of Miiller, et al., are given
in Table II. The data obtained in this study for SbF;
were for an effusion source at room temperature
(~298°K, vapor pressure of SbF; =2 2 Torr). Abun-
dances of associated ions were independent of the effu-

TaBLE I
RELATIVE INTENSITIES OF FRAGMENT IoNS FROM BiFj
— —Rel intensity————

Mass Ion Ref 1 This work®

209 Bi+ 13 24

228 BiF* 10 26

247 BiF,* 38 62

266 BiF;* 10 2

285 BiF,* 100 100

418 Big* 0.3 0.3

437 Bi,F* 0.3 0.3

456 Bi,Fet 0.2 0.2

475 Bi;Fst 0.5 0.1

494 BisFy* 0.3 0.2

513 BiyFs* 3.4 4.0

551 BigF;* 3.5 2.6

589 Bi,Fy* 18.0 13.5

857 Bi;Fyp* ND? 0.05

895 Bi;Fy* ND 0.07

2 Not corrected for transmission,
® ND, not detected.

Oven temperature 360°K.

TaBLE I1
RELATIVE INTENSITIES OF FRAGMENT IoNs FROM SbF;
— ~———Rel intensity————————
Mass Ion Ref 3¢ Ref 1? This work®
121 Sb+ 10.8 8.0 4
140 SbF * 10.0 7.0 23
159 SbF,+ 18.8 25 47
178 SbF;+ 10.8 20 26
197 SbF,* 100 100 100
2186 SbF;+ 0.72 NR¢ NDe
413 SheFyt 0.24 0.2 8.9
415 SheFq 0.40 NR 13.7
417 SheFy™ 0.13 NR 4.7
629 SbyFy* NR ND 0.06
631 SbeFyst NR ND 0.10
633 SbFiat NR ND 0.07
635 SbyFyt NR ND 0.02

@ Conventional inlet and ion source (source temperature not
quoted). P Convemntionalinlet, temperature 363-383°K. ¢ Beam
inlet at room temperature——not corrected for transmission.
¢ NR, not reported. ¢ ND, not detected.
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sion orifice size. In parallel experiments with IrF;, the
orifice was varied from 0.012 to 0.100 cm without effect.
Neither of the cracking patterns from this study given
in the tables has been corrected for decreasing ion
transmission through the quadrupole mass filter with
increasing mass®~Y (7.e., increasing resolution sirice the
mass filter scans in the constant AM mode), which
under-represents the abundances of higher mass ions.

A comparison of the spectrum for BiF; by Lawless!
and that obtained in this study shows that there are
some differences in the monomnier cracking patterns, but
the dimer cracking patterns are quite similar. We also
observed two ions due to trimeric BiF;, vzz., Bi;F,* and
Bi;Fy,*. Making an approximate correction for the
quadrupole transmission efficiency, the abundances of
the associated ions relative to the monomeric ions for
BiF; vapor are monomer: dimer: trimer::1:0.45:0.005.

Two alternate mechanisms by which the higher mass
ions might have arisen may be considered: ion-mole-
cule reactions in the ion source and condensation .oc-
curring by isentropic expansion at the beam source.
With a typical neutral number density of 6 X 10° cm—3
and a path length in the ion source of 0.4 ¢m, and as-
suming an ionization cross section of 15 A2 and an ion-
molecule reaction cross section of 100 A2, the ratio of
secondary (dimer) ions to primary (monomer) ioris
would be 2 X 10~°. The ion—-molecule reaction

CD4}+ 4+ CDy —> CD;* 4+ CDy

known to have a large cross section, was not observed’
in the present source configuration with a sensitivity of
1 part in 10%. Termolecular ion-molecule reactions to
yield trimer from monomer have very low probability
since molecules in the neutral beam have directed
rather than random velocities. Upper limit calcula-
tions for sequential jon-molecule reactions to yield
timers from monomers predict a ratio of trimer ions to
monomer jons of 1 X 107% Similarly, the ratio of
trimer to dimer ions resulting from ion-molecule reac-
tions of dimer ions with monemer or dimer neutrals
would be expected to be no greater than 10~%,

Free-jet expansion would produce increasing con-
centrations of associated species as the pressure behind
the orifice is increased.!! In the case of BiFj, the tem-
perature of the oven was varied from 341 to 448°K,
corresponding to a pressure increase from 1.2 to 100
Torr. The monomer jon signal increased by a factor of
11 (scattering losses in the vapor cloud immediately
after the source aperture are responsible for the non-
linear behavior of beam intensity with source pres-
sure),!? while the dimer ion signal dropped to zero. If
either free-jet expansion or ion-molecule reactions were
responsible for the associated species observed in this
study, one would certainly expect a substantial in-
crease in dimer ion concentration with an 83-fold in-
crease in oven pressure, or an 11-fold increase in number
density in the ion source.

In the case of SbF;, significant differences are found
in the abundance of dimeric ions between the spectra
obtained from our molecular beam source and those ob-
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tained from conventional inlets. The spectra re-
ported in Table II for this study include the trimeric
species SbsFy,*; tetramer and pentamer ions were also
found as well as trace amounts of Sb,Fs*, ShoF:™,
SbyFet, and SbyFs*. For SbF;, the corrected relative
abundances are monomer:dimer:trimer:tetramer:
pentamer: :1:0.5:0.09:10~*:ca. 1075, The small con-
centration of tetramer ions is indicative that the tetra-
meric bridged ring structure known for crystalline!s
SbF; does not persist into the vapor phase.

The comparisons in mass spectra for SbF; and BiF;
demonstrate the advantage of using a molecular beam
source for the mass spectrometric study of reactive
species and the necessity of considering the degree of
vapor saturation for the detection of associated species.
Although (SbF;); and (BiF;), may indeed be doubly
fluorine bridged species, this conclusion should not be
drawn from available mass spectrometric data. It
should furthermore be stressed that in mass spectro-
metric studies one observes only ionic species. These
do not necessatily arise in foio from the corresponding
neutral agglomerates; an alternate possibility is that
they might come from higher associated clusters as
fragment ions from.electron impact. Hence, the de-
gree of association may well be underestimated due to
the fragmentation of neutral clusters.
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The dative-bonded dimer [(CH;);NBH,]; is known

to exist in equilibrium with the monomer! or can be
converted irreversibly to the cyclohexane-like dative-
bonded trimer [(CH;);:NBH;]; by the action of a tran-
sient catalyst derived from pentaborane(9).?2 This
trimer has three axial methyl groups in close mutual
contact, as proved by the infrared spectrum? and the
crystallographically determined molecular parameters.?
Such steric interference is the obvious reason that the
trimer is not formed spontaneously from the monomer
or dimer.
It now is found that omission of one methyl group
from the trimer structure—by allowing a CH,SBH,
unit to take the place of one of the three (CH;),NBH,
units—so relieves the steric effect that the six-atom
ring is easily formed. The resulting new white crys-
talline cotrimer

(CHa)zN_BHQ
HzB\ N(CH,),
CH,S—BH,
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