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Electron Attachment to Hydrogen Halide Clusters
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Negative ion production by endoergic charge transfer from fast alkali atoms to a crossed molecular beam of
hydrogen halide clusters, (HX),, has been studied for HF, HCl, HBr, HI, and mixed HF, HBr clusters. Cluster
ions corresponding to n up to the order of 10 are readily detected, although the unit mass resolution required
for full identification is only feasible for small clusters (masses <100 amu). Dissociative attachment to form
the “solvated” halide or bihalide anions, [X(HX)],-;, is the predominant process. No evidence is found for

any intact (HX), ions.

Introduction

Often a single molecule cannot bind an excess electron,
whereas a weakly bound cluster of the same molecules
might be able to do so. Prototypical cases are the gas-
phase water! and carbon dioxide? clusters, (H,0),” and
(CO,),,~. The hydrogen halides may also exemplify such
systems. All attempts to attach electrons to HX monomers
have resulted in dissociative attachment to form the halide
ion, X~, with a cross section that decreases with increasing
electronegativity of the halogen atom.!  Electronic
structure calculations*® suggest that HX™ (3Z*) is nomi-
nally stable in some cases, but if so its autodetachment
lifetime appears to be extremely short. Experimental
evidence for relatively stable, negative dimer ions, (HX),",
has been inferred from radiation chemistry. In discussing
mechanisms for thermal electron capture by gaseous HCl
+ HBr, Armstrong and Nagra® suggest that a previously
proposed (HX),™* intermediate®™® is produced chiefly by
electron attachment to (HX), dimer molecules:

& + (HX), = (HX),™ (1,-1)
(HX),™ — H + XHX" )
(HX),™* + M — (HX); + M )

In this mechanism, reaction 2 is the major exit channel for
HBr but reactions ~1 and 3 are dominant for HCl. The
generation of negative dimer ions from the ambient neutral
dimers and the subsequent collisional deactivation of these
ions distinguish this mechanism from earlier proposals.
Electronic structure calculations by Jordan and Wendo-
loski indicate that (HF),™ is stable.? However, they caution
that their calculations were restricted to linear configu-
rations of both the neutral dimer (known experimentally
to have a zig-zag geometry'®) and the dimer negative ion,
and their method probably overestimated the electron
affinity of (HF),.

This tentative evidence is consistent with chemical in-
tuition, which suggests that hydrogen halides involving the
more electronegative halogens will be more likely to form
stable negative dimer ions. It appears that both (HF),"
and (HCl);” may be stable while (HBr),™ and presumably
(HI), are not. In all cases, both dissociation of dimer ions
and concurrent reaction processes are expected (when
thermochemically allowed) to yield halide ions, X~ or X,
and especially the quite stable bihalide ion (XHX)™ as
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observable products. “Solvated” halide ions, CI"(HC]),
with n = 1-4, have been observed in the multiple collision
evironment of drift tubes.!'1? Yet results of swarm-beam
experiments have been interpreted as excluding the pos-
sibility that XHX" or X, ions originate from (HX),
species.® This view contradicts the mechanism postulated
for radiolysis experiments,®’ in which (HCl),™ subsequently
reacts to form the CI"(HCl), species.!®!4

This paper reports attempts to observe intact negative
cluster ions (HX),” with X = F, Cl, Br, and I. Our method
employs endoergic electron transfer from a fast alkali atom
beam to a target beam of hydrogen halide clusters. The
target beam contains a range of clusters, with n = 2-10 or
more. This is an advantage since dissociative attachment
to the larger clusters offers another route to small (HX),,~
cluster ions (m < n), whether or not direct formation of
such ions occurs.

Experimental Procedure

The apparatus and techniques have been described in
detail elsewhere.’® Fast rubidium atoms are generated by
seeded supersonic expansion from a nozzle oven, using He
or H, as the diluent gas. The neutral molecular cluster
beam is likewise produced by a supersonic expansion.
Typical source conditions were as follows: stagnation
pressure of hydrogen halide ~700 torr, nozzle diameter
~0.008 cm, nozzle-to-skimmer distance ~0.5 cm. The
various negative ions formed in single collisions at the
intersection of the beams are detected and mass analyzed
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TABLE I: Estimates of Threshold Energies (eV)

process HF HCl HBr HI ref

Rb—> Rb* + e 4,18 4.18 4.18 4,18 16
HX->H+ X 5.87 4.33 3.76 3.30 17
X" =>X+e 340 361 3.36 3.06 18
(XHX) - X" + HX 1.31 1.03 0.78 <0.5 19
(HX), > 2HX 0.26 010 <0.1 <01 20
Rb + (HX). =

Rb* + (HX), ~4.0 ~41 >4.2 >4.2 6,9

Rb* + H + (XHX)" 5.6 4.0 <39 <4.0

Rb*+ H+ HX + X~ 6.9 5.0 <4.7 <45
max E,.(2) 3.1 4.2 6.3 7.2

by a quadrupole mass filter. Ion flight times are typically
~107 . Signal pulses from the electron multiplier are
capacitively coupled to pulse-counting electronics and
signal averaging is employed as necessary. A reliable and
accurate internal mass calibration is obtained from high-
resolution mass spectra of (S0,),” cluster ions in con-
junction with a digital sweep generator. Unit mass reso-
lution is essential because of the possibility of confusing
the species [X(HX), ;] and (HX),,”. In these experiments
this was achieved for the HF and HCI systems although
the largest cluster ion detectable with unit resolution de-
pends on the available ion intensities and feasible aver-
aging times (~1 h). The only positive ion species observed
with appreciable intensity was Rb*, as in our previous
work, 15

The relative translational energy in collisions between
Rb and an (HX), cluster is given to a good approximation
by

E. (n) =~ [nmg/(my + nmp)]Ey,;,

Here m, and mg denote the masses of Rb and HX, re-
spectively. E; is the mean kinetic energy of the Rb atoms,
which was scanned over a range of ~4-8 eV by adjusting
the source temperature and diluent gas mole fraction. The
energy resolution AE,,/E, ~ AE,/E,, is about 16%
(fwhm). Threshold measurements for (SO,),” clusters and
several other systems!f indicate that this energy spread
permits observation of a product anion at values of E,,; as
much as 20% below the actual endoergic threshold.

Negative Ions Observed

Table I gives estimates of the endoergic threshold en-
ergies E,; for production of (HX),", (XHX)", and X" ions
from Rb + (HX), collisions. These estimates are derived
from thermochemical data and familiar formulas.}> Also
listed are values of E, corresponding to the maximum
available laboratory kinetic energy, taken as 9.6 eV (the
nominal mean value increased by 20%). The light mass
and high bond strength of HF are seen to impose rather
stringent kinematic constraints: under our conditions, any
ions formed from Rb + (HF), by single-collision processes
must come from clusters larger than dimers. The re-
quirement is

n 2 (ma/mg)[Ey/(Eyp ~ Ey)]

Thus, (HF),™ can only come from clusters with n = 3,
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Figure 1. (a) Low- and (b) high-resolution negative ion mass spectra
of products observed in the reaction between fast Rb atoms and (HF),
clusters. In (a), the letter “B” labels surface-born background peaks.
In (b), unlabeled features are due both to impurities (probably SO, from
calibration run) in the beam gas and to surface-born background. The
collision energies correspond to E,, = 8.1 eV.

(FHF) from n 2 7, and F~ from n = 11. For the other
hydrogen halide systems such kinematic constraints do not
appear except for production of Cl", which requires n =

Hydrogen Fluoride. Figure 1 presents typical mass
spectra of the negative ions formed from Rb + (HF),. This
system yielded the most definitive results, by virture of
high intensities and lack of isotopic distributions. The only
observed mass resolved ions from crossed beam collisions
are the [F(HF),;]" species, with m = 1-6. As noted,
kinematic constraints require m < n. Unit mass resolution
was maintained up through mass 120, but observed peaks
corresponding to m = 7 and 8 were not resolved. The
structure which appears on the low mass side of the mass
peaks is an instrumental artifact intrinsic to the mass filter.
This cannot interfere with the detection of (HF),,” ions
which of course would appear on the high mass side of the
corresponding [F(HF),,;]” peak. Close examination of the
spectra indicates that any yield of (HF),” must be less than
about 1% that observed for (FHF)~. The limit is more
stringent for heavier clusters, e.g., the yield of (HF), is
less than 0.1% that of [F(HF)s] .

In addition to ions produced from the crossed-beam
collisions, unwanted background negative ions appear. One
source of background ions is impurities in the cluster beam,
due chiefly to substances tenaciously adsorbed during
previous runs onto the walls of the gas-handling line.
Alkali atom bombardment of such impurities can generate
background negative ions, but these were easily identified.
Most are merely (SO,),” ions, friendly reminders from mass
calibration runs. Other background ions are “surface-
born”. The reactant beams intersect inside a negatively
biased grid cage which impels negative ions directly into
the lensing system. The cage and lenses are cleaned pe-
riodically, but films of rubidium and stray substances in-
evitably mingle together on these biased structures. Under
the glare of alkali atom bombardment, unwanted ions
sometimes emerge but these surface-born ions are easily
identified by appropriate flagging of the beams.

Hydrogen Chloride. Figure 2 shows a mass spectrum
of the negative ions from Rb + (HCl),. The quality is
poorer than for hydrogen fluoride because the signals are
appreciably weaker. Unit mass resolution has been
maintained only up through about mass 80, but this in-
cludes the (CIHCI)™ region. The expected three mass peaks
corresponding to the two-chlorine isotopic pattern (with
intensity ratios, 9:6:1) is clearly seen for the (CIHC])™ bi-
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Figure 2. Low mass range, high-resolution negative ion mass spectrum of products observed in the reaction between fast Rb atoms and (HCI),

clusters. The collision energies correspond to £, = 7.9 eV.

chloride ion. This same pattern for the (HCl),™ dimer ion
would, of course, be shifted upward by one mass unit if
it were present. It is difficult to ascertain whether (H*
Cl),” appears because of the artifacts on the low mass side
of the peaks. The dimer species [(H3*Cl)(H¥Cl)]~ and
(H¥Cl),™ are conspicuously absent, however. We estimate
that any (HCI),~ formed is well below 10% of the yield of
(CIHC))™ observed.

The spectrum also shows the four-peak pattern corre-
sponding to isotopic variants of CI"(HCl),. Here the in-
adequate mass resolution would obscure any (HCI);™; for
the trimer we obtain only a crude limit, about <30% of
the yield of CI"(HCl),. Higher unresolved mass peaks were
also observed, corresponding to cluster ions with m up to
7.

Hydrogen Bromide. Resolved ®Br™ and 3'Br~ peaks were
clearly observed, but we were unable to achieve both unit
resolution and a reasonable signal-to-noise ratio in the
vicinity of (BrHBr)™ or at higher masses. The 1:2:1 isotopic
pattern characteristic of a two-bromine system gave an
unresolved but symmetrical mass peak centered at mass
161. This undoubtedly corresponds to the (BrHBr) ion.
No (HBr),~ was in evidence, since the high mass side of
the peak did not show asymmetry. If there is any (HBr),",
it must be $50% of the yield of (BrHBr)".

Hydrogen Iodide. Unresolved mass peaks corresponding
to [I(HI),,]™ and/or (HI),” with m = 1 and 2 were ob-
served, but estimates of the relative yields are not feasible.

Mixed Halide Species. During the runs with hydrogen
bromide, cluster ions appeared that contained hydrogen
fluoride which had been flushed from the gas line of the
cluster beam source and evidently formed HF(HBr),
clusters in the supersonic expansion. Weak, unresolved
signals were seen corresponding to [F(HBr),,,]” and/or
[HF(HBr),,_;]” with m = 3-12. In studying electron cap-
ture reactions in HBr/HCIl and HBr/H,S mixtures, Arm-
strong?! suggested that the principal negative ion products
were (CIHBr)™ and (BrH,S), respectively.

Rubidium Anions. Particularly in the runs with hy-
drogen fluoride and hydrogen chloride, there appeared
prominent “surface-born” negative ions at masses 85 and
87 with a 3:1 intensity ratio as seen in Figure 1. These
peaks correspond to the isotopic components of the Rb~
anion (stable by 0.49 eV with respect to electron detach-
ment??). The yield is markedly enhanced in the presence
of the hydrogen halide cluster beam. Our observations are
consistent with other experiments in this laboratory?
which deliberately impinge halogen containing beams on
alkali-coated surfaces and find remarkably efficient pro-
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duction of alkali anions and many other species.

Discussion

Our primary aim was to look for (HF),™ and (HCl),™ ions
to test the recent proposals of their stability by Armstrong®
and Jordan.? We have found no evidence for the stability
of these dimer ions or any other (HX),,~ cluster ions.
Likewise we do not observe the X, ions seen in swarm-
beam experiments.® At least for the single-collision charge
transfer method we employed

Rb + (HX), — Rb* + (HX),~ +
— Rb* + H + [XHX), ] + ..

dissociative attachment to form the “solvated” halide or
bihalide anions (with m < n) is clearly the dominant
process. This conclusion of course is warranted only for
the range of cluster sizes which we could examine with unit
mass resolution. For the HBr case, our results agree with
the Armstrong mechanism, and even for the HCI case do
not contradict it. The mechanism postulates that the
initially formed dimer ion, (HX),", is vibrationally excited
but becomes stabilized by collisional deactivation. Since
in our experiment the (HX)," ion, if formed, experiences
no subsequent collisions, it might be expected to autoionize
or dissociate long before it reaches the detector. Indeed,
for (HCl),", the analysis given by Armstrong® implies an
autoionization half-life of ~107'%2 s and a dissociation
half-life of ~3 X 10710 s, whereas the flight time from
reaction zone to detector in our apparatus is ~1075 s.
Other features of the cluster ions as initially formed in
our experiments are pertinent to assessing the stability of
(HX), dimer ions, however. (i) The electron transfer from
alkali atom to target cluster can occur when the relative
kinetic energy exceeds the difference between the alkali
ionization potential and the cluster electron affinity. The
excitation above the threshold for formation of dimer ions
thus may be smaller than for dimer ions produced by the
capture of thermal electrons in y-ray irradiated vapors. (ii)
The electron transfer that creates the cluster anion also
produces an alkali cation, and its electric field induces
vibrational relaxaion of the anion.* The available evi-
dence indicates that monomer and dimer anions are
thereby fully relaxed to the ground vibrational state,
corresponding to the adiabatic electron affinity, although
this mechanism may become much less efficient for larger
cluster anions.!® (iii) Dissociative electron attachment to
larger clusters would be expected to give some yield of
intact dimer anions by (HX),” — (HX),” + ..., if in fact
bound dimer anions exist. The total yield of dimer anions
would come from integrating over the distribution of larger
clusters, which in our experiments had appreciable in-

(24) Havemann, U; Ziilicke, L.; Nikitin, E. E.; Zembekov, A. A. Chem.
Phys. Lett. 1974, 25, 487.
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tensity up to at least n ~ 10.

These three features invalidate the simplistic compar-
ison of the (HCl),™ autoionization or dissociation half-life
to flight time. In particular, the relaxation time for process
(ii) is likely to be much shorter than those half-lives. For
previously studied systems, the estimated relaxation time
is of the order ~ 1078 s, both from trajectory calculations®
and from observation of thresholds corresponding to the
adiabatic rather than the vertical electron affinity.’®* We
conclude that our failure to detect (HX),™ in these ex-

periments at least casts doubt that such ions have ap-
preciable stability.
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Molecular Beam Studies of C¢Fg, C¢F;H;, and C;H; Complexes of HF. The Rotational

Spectrum of C;H,—HF

F. A. Balocchi, J. H. Willlams, and W. Klemperer*

Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138 (Received: November 8, 1982)

An investigation of the complexes formed between HF and the aromatic species C;Hg, CoF3Hj, and CgFy has
been carried out with the molecular beam electric resonance technique. Mass spectrometry indicates that HF
forms a complex less easily as fluorine substitution increases on the aromatic ring. While insufficient HF complex
was formed with the two fluorine-substituted benzenes to measure rotational spectra, spectroscopic constants
have been obtained for CsHg-HF (B = 2048.540 (2) MHz, D; = 3.1 (2) kHz, D % = 74 (1) kHz, u = 2.244 (4)
D) and C¢Hg~DF (B - Dx = 2015.406 (6) MHz, D; = 3.2 (4) kHz; eQqp = 280 (50) kHz, » = 2.282 (1) D). In
the symmetric average structure, the hydrogen end of HF points toward the benzene. The hydrogen atom is
~2.25 A above the plane of the benzene molecule. The large amplitude motions present in this complex make

it difficult to determine an equilibrium structure.

Introduction

The ability of molecules containing w-electrons to in-
teract with Lewis acids has long been noted.! Examples
of molecular complexes formed as a result of this inter-
action range from weak “donor-acceptor” complexes ob-
served in solution to more strongly bound organometallic
compounds. Weakly bound species of this type are also
believed to play a role in certain chemical reactions. The
attack of a w-electron system by an electrophilic reagent
is a familiar first step in many reaction mechanisms dis-
cussed in organic chemistry. In an attempt to better
characterize the nature of this interaction, a systematic
study of isolated molecular complexes formed between
Lewis acids and unsaturated molecular systems has been
started.

In particular, the Fourier transform microwave molec-
ular beam technique has already been used to produce
structures for the weak complexes ethylene-hydrogen
fluoride and acetylene~hydrogen fluoride.%®* The bonding
arises from interaction of the acidic HF proton with the
w-system of the hydrocarbon. The structure observed in
each case is t-shaped, with the HF axis pointing toward
the midpoint of the carbon—carbon bond. This structure
is consistent with a HOMO-LUMO model of the inter-
action, in which the 7-bonding molecular orbital of the
hydrocarbon is the HOMO (highest occupied molecular

(1) (a) R. S. Mulliken, J. Am. Chem. Soc., 72, 600 (1950). (b) R.
Foster, “Organic Charge Transfer Complexes”, Academic Press, New
York, 1969, pp 94 ff, 230 £f, 284 ff.
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0022-3654/83/2087-2079$01.50/0

orbital) and the ¢* antibonding molecular orbital of HF
is the LUMO (lowest unoccupied molecular orbital).

In this paper, the results of a molecular beam study of
the benzene-HF system is presented. The purpose of this
study is to probe the interaction of a strong Lewis acid with
an aromatic r-system from a structural viewpoint. The
stereochemistry of this interaction has been of interest for
some time, and, in particular, much experimental work has
been done on complexes of benzene with the homonuclear
diatomic halogen molecules. The results of these studies
conflict, and there is some question as to whether the
diatom lies along the Cg symmetry axis of benzene, hence
forming a symmetric molecule, or whether it interacts
specifically with one of the carbon—carbon bonds, forming
an asymmetric molecule. Structural studies on crystals?
of benzene-Cl, and benzene-Br, as well as infrared spec-
troscopy on benzene~Br; in the gas phase® are indicative
of a symmetric structure, while infrared spectroscopy of
these species in low temperature matrices® is consistent
with the asymmetric structure.

Simple theoretical models for the interaction also pro-
vide conflicting structural predictions. A HOMO-LUMO
model leads to the prediction of a nonsymmetric structure,
since the symmetries of the benzene HOMO (an antisym-
metric w-molecular orbital) and acid LUMO (a ¢* anti-

(4) (a) O. Hassel, Mol. Phys., 1, 241 (1958). (b) O. Hassel and K. O.
Stromme, Acta Chem. Scand., 12, 1146 (1958). »
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Fredin and B. Nelander, J. Am. Chem. Soc., 96, 1672 (1974).

© 1983 American Chemical Society



