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We present the mass spectral and photoelectron spectroscopic results of our study of (HF)2
2 . Our

main findings are as follows. The (HF)2
2 anion was observed experimentally for the first time,

confirming the 20 year old prediction of Jordan and Wendoloski. The photoelectron spectrum of
(HF)2

2 exhibits a distinctive spectral signature, which we have come to recognize as being
characteristic of dipole bound anions. The vertical detachment energy~VDE! of (HF)2

2 has been
determined to be 6363 meV, and the adiabatic electron affinity (EAa) of (HF)2 was judged to be
close to this value as well. Relatively weak spectral features, characteristic of intramolecular
vibrations in the final~neutral dimer! state, were also observed. We have interpreted these results in
terms of slight distortions of the dimer anion’s geometric structure which lead to an enhanced dipole
moment. This interpretation is supported to a considerable extent by theoretical calculations
reported in the companion paper by Gutowski and Skurski. ©1997 American Institute of Physics.
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I. INTRODUCTION

For 25 years now, hydrogen fluoride dimers, (HF)2 ,
have served as important prototypes for studying hydro
bonding and weak binding interactions between po
molecules.1–10 Neutral dimers of hydrogen fluoride form
readily and occur both in expansions of hydrogen fluor
gas and in its static vapors. The parent positive and nega
ions, i.e., (HF)2

1 and (HF)2
2 , on the other hand, have bee

elusive, raising questions about their stabilities.
The focus of the present work is on the ground sta

negatively charged dimer of hydrogen fluoride, (HF)2
2 . In

the late 1960’s and mid-1970’s, experimental evidence
plicating the existence of the related species, (HCl)2

2 , as a
reaction intermediate was inferred from radiati
chemistry.11–14 Then, in 1977, calculations by Jordan a
Wendoloski predicted that (HF)2

2 should be stable.15 The
existence of (HF)2

2 might have been confirmed only a fe
years later in 1983, when collisional charge transfer exp
ments designed to search for intact hydrogen halide clu
anions were conducted, but these did not find it.16 For several
years more, (HF)2

2 would remain a predicted, but unob
served species.

Jordan and Wendoloski15 conceived of (HF)2
2 as a di-

pole bound anion, in which the binding of the excess elect
is due to the dipolar field of its corresponding neutr
(HF)2 . Their work on (HF)2

2 , however, was but one impor
tant milestone in the sequence of theoretical developm
occurring both before and after it. The concept of dipo
bound anions has its roots in a 1947 paper by Fermi
Teller.17 Subsequent theoretical work18–40 by other pioneers
in this field refined the topic considerably; eventually to t
point that the main expected properties of dipole bound

a!Present address: N.I.S.T., Process Measurements Division, 221/B
Gaithesburg, Maryland 20899.

b!Author to whom correspondence should be addressed.
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ions could be stated as follows.~1! There is a critical dipole
moment,mc , which is necessary for dipole binding of a
excess electron.~2! The excess electron cloud is spatial
diffuse, reminiscent of that of a Rydberg electron.~3! The
electron binding energies in such systems are rather sm
increasing with the magnitude of the dipole moment beyo
mc . ~4! The molecular structure of an anion having a dipo
bound electron is essentially the same as that of its co
sponding neutral.

Early on, the critical dipole moment was computed to
1.625 D in the Born–Oppenheimer approximation, but af
more work~both theoretical21 and experimental41!, the criti-
cal dipole moment was established to be about 2.5 D fo
real system. In regard to the requirement for a minimu
dipole moment, HF and (HF)2 are both interesting cases.42

The dipole moment of HF is;1.8 D. Not only does the HF
molecule not have a large enough dipole moment to form
dipole bound anion, it does not form a stable, conventio
~valence! anion either. When, however, two HF molecul
join together to form the complex, (HF)2 , the composite
dipole moment of the resultant neutral dimer is;3.2 D,43

meeting an important condition for the formation of dipo
bound anions. Since the weakly bound hydrogen fluor
dimer is formed from molecular components which the
selves form neither conventional44 nor dipole bound anions
one can be reasonably assured that it is the dipolar field
the dimer that is essentially responsible for the excess e
tron’s binding in (HF)2

2 , as was originally proposed by Jo
dan and Wendoloski.15 Certainly, (HF)2

2 is not a valence
anion in the conventional sense.

In this paper, we present the mass spectral and ph
electron spectroscopic results of our study of (HF)2

2 . While
the specifics will be presented below, our main findings c
be summarized as follows.~a! The (HF)2

2 anion has been
observed experimentally for the first time, confirming the
year old prediction of Jordan and Wendoloski.15 ~b! The pho-

12,
7/107(8)/2962/6/$10.00 © 1997 American Institute of Physics
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toelectron spectrum of (HF)2
2 exhibits a distinctive photo-

electron spectral signature, which we have come to recog
as being characteristic of and unique to dipole bound anio
~c! The vertical detachment energy~VDE! of (HF)2

2 has
been determined to be 6363 meV, and the adiabatic electro
affinity (EAa) of (HF)2 was judged to be close to this valu
as well. ~d! Relatively weak spectral features, characteris
of component molecular~intramolecular! vibrations in the
final ~neutral dimer! state, were observed.

Some of these results are at odds with expectati
gleaned from the calculations available through early 19
Consider, for example, the ground state, dipole bound di
anion, (H2O)2

2 . This species is analogous to (HF)2
2 in many

ways, and it is the most heavily theoretically studied e
ample of a dipole bound dimer anion system. Starting
1979, the (H2O)2

2 problem was addressed by several the
retical groups, some using rather different computatio
approaches.34–39 Collectively, these benchmark studie
tended to find the electron affinity of water dimer to be ve
small ~ranging between;0.2 and 6 meV! and the global
minimum structure of (H2O)2

2 to be the same as the equilib
rium structure of the neutral, (H2O)2 . Together with other
calculations on dipole bound molecular anions,45,46 these
studies provided a basis for expecting dipole bound anion
have ultrasmall, excess electron binding energies and e
librium structures which are the same as those of their c
responding neutrals.

Our measured electron affinity for (HF)2 , while small,
is nevertheless easily an order of magnitude greater than
expected on the basis of the above mentioned calculatio47

Also, the unexpected appearance of vibrational feature
the photoelectron spectrum raised the question as to whe
there might be some degree of structural dissimilarity
tween (HF)2

2 and (HF)2 . Thus, when experimental result
~c! and ~d!, were first obtained for (HF)2

2 , both were unex-
pected, one quantitatively and the other qualitatively, in lig
of then available theoretical expectations. Of course, th
two results may well be related, in that a stronger-th
expected electron-dipole coupling interaction goes hand
hand with the possibility of anion/neutral structural dissim
larity. We have also studied a variety of other dipo
bound dimer anions by photoelectron spectroscopy,48–54

including (H2O)2
2 , @~CH3CN!~H2O!#2, @C2H2~OH!2#2

2 ,
@~HCl!~H2O!#2, and @~HCN!~H2O!#2. These all exhibit
higher electron affinities than expected and weak vibratio
spectral features, characteristic of their molecular com
nents. The measured VDE’s for these dimeric systems ra
from ;40– 100 meV. That for (H2O)2

2 for example, is 45
meV. Confusion as to the origin~s! of these discrepancie
between theory and experiment persisted until this past
~see below!.

By 1987, we were interpreting our photoelectron sp
trum of (H2O)2

2 in terms of the structural distortion of a
least one of its water components.48 Gradually, however, this
picture was refined, and we came to view our (H2O)2

2 results
in terms of an overall distortion of the dimer anion’s geom
ric structure, so as to increase the dipole moment of its n
J. Chem. Phys., Vol. 107,
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tral core. This was consistent with our observations in tha
accounted for both an enhancement in the electron bind
energy and the appearance of vibrational features~through
Franck–Condon overlap! in the photoelectron spectrum. Th
model, which is as applicable to (HF)2

2 as it was to (H2O)2
2 ,

is intuitively attractive in that a relatively slight~and low
energy cost! modification of the dimer anion’s intermolecu
lar structure~relative to the equilibrium structure of its cor
responding neutral dimer! could cause a considerable in
crease in its dipole moment, leading to further exce
electron stabilization and counterbalancing the energy cos
the structural perturbation. Excitation of intermolecul
modes in the neutral dimer would not be resolved in o
spectra, but would instead appear as spectral broade
~tailing! to the high electron binding energy side of observ
spectral features. This is consistent with our observatio
More difficult to reconcile are the intramolecular vibration
that were observed~and readily resolved! in the spectra. Ac-
cording to this model, the appearance of intramolecular
brational spectral features would seem to imply that
structures of component molecules within the dimer an
had also been modified, at least slightly, due to their inter
tion with the excess electron.

The above interpretation treats the appearance of
lecular vibrational features in the photoelectron spectra
dipole bound dimer anions in terms of anion/neutral str
tural dissimilarities, i.e., via Franck–Condon overlap. In t
case of the dipole bound molecular anion, CH3CN2, how-
ever, other mechanisms have also been proposed. While
amining the photoelectron spectrum of CH3CN2, Johnson
and co-workers55 found that the relative intensities of the lo
signal, molecular vibrational features that they observed
pended on photon energy. If anion/neutral structural dissi
larity had been the only cause of these vibrational featu
this should not have happened. They interpreted their res
in terms of photon access to an excited state of CH3CN2 ~a
resonant state! lying above CH3CN in energy and/or a cou
pling of the excess electron to the oscillating dipole mom
of the molecule. While this interpretation was convincing f
the case of CH3CN2, its generality to other systems wa
unclear, especially in regard to floppy dimeric species,
which intermolecular structural reorganization can occ
relatively easily.

Over the past year, Gutowski, Skurski, Boldyrev, S
mons, and Jordan56,57 have made dramatic progress in ba
ishing discrepancies between theory and experiments reg
ing several dipole bound anions. Before this work was do
it was characteristic of calculations on dipole bound anio
to seriously underestimate their electron affinities. The k
ingredient in their theoretical methodology involved a
counting for the dispersion interaction between the exc
electron and the neutral. In a companion paper, Gutow
and Skurski58 use these advances to compute the elect
binding energy of (HF)2

2 , its geometrical structure, and it
modeled photoelectron spectrum. As discussed further
low, their calculated electron affinity~49 meV! is close to
our experimental value; their global minimum structure
(HF)2

2 is distorted relative to the equilibrium structure
No. 8, 22 August 1997
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(HF)2 , enhancing the dipole moment by;0.5 D; and their
modeled photoelectron spectrum is strikingly similar to o
experimentally-determined one, including the intramolecu
vibrational features and their observed relative intensit
Furthermore, the structural differences they found betw
(HF)2

2 and (HF)2 were indicative of (HF)2
2 structural dis-

tortions at both the inter- and intramolecular levels, and
vibrational features seen in their modelled photoelect
spectrum were entirely attributable to dissimilarities betwe
the potential energy surfaces of (HF)2

2 and (HF)2 , i.e., to
Franck–Condon overlap.

In essence, these calculations support most of the te
of our model for dipole bound dimer anions. There is a str
tural dissimilarity between (HF)2 and (HF)2

2 , with the neu-
tral core of (HF)2

2 exhibiting an enhanced dipole momen
and the vibrational features observed in the photoelec
spectrum of (HF)2

2 are Franck–Condon in character. In a
dition, however, these calculations have also shown wh
our model falls short. In particular, our model focuses
electrostatic electron-dipole stabilization and dipole mom
enhancement due to structural changes associated with
tron attachment, but it is blind to the important role play
by the dispersion interaction between the excess electron
the neutral. Indeed, it is the dispersion interaction ingred
that is primarily responsible, in the above-mentioned cal
lations, for closing the considerable gap between calcula
and measured electron binding energies for many dip
bound anions.

II. EXPERIMENT

Negative ion photoelectron spectroscopy is conducted
crossing a mass-selected beam of negative ions with a fi
frequency photon beam and energy analyzing the resu
photodetached electrons. This is a direct approach for de
mining electron binding energies~EBE!, relying as it does on
the relationship,hn5EBE1EKE, in which hn is the photon
energy, and EKE is the measured electron kinetic ene
Our apparatus has been described in detail previously.59 The
spectra reported here were calibrated against the well-kn
photoelectron spectra of O2 and NO2, and the resolution of
our electron energy analyzer was 27 meV. Photodetachm
was most often accomplished using;220 circulating watts
of 2.540 eV photons, but when, on occasion, it was also d
with 2.409 eV and 2.707 eV photons, the photoelectron sp
trum ~electron counts vs EBE! did not change.

Hydrogen fluoride dimer anions were generated in a
personic expansion ion source. In this device, relatively l
energy electrons are injected directly into the high den
portion of an expanding gas jet in the presence of weak a
magnetic fields, and negative ions are extracted from
resulting microplasma. Typical source conditions duri
these experiments were as follows. The nozzle’s stagna
chamber pressure was 5–7 atm of a 2%–5% HF/Ar gas m
ture, and its temperature was near 0 °C. The nozzle diam
was 20 mm, the beam energy was 500 V, the thoriate
iridium filament bias voltage was220 to 230 V, and its
emission current was 1.5–3 mA. Typical ion currents
J. Chem. Phys., Vol. 107,
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(HF)2
2 just beyond the ion–laser interaction region we

;50 pA. Based on source conditions and the fragility
(HF)2

2 , its ion temperature was presumed to be on the or
of 10 K. A typical mass spectrum taken under these con
tions is dominated by (HF)2

2 as shown in Fig. 1.
By changing source conditions, it was possible to obt

mass spectra dominated by other anions, i.e., either by2,
FHF2, and F2~HF!n /~FHF!2~HF!n21 or by a combination of
homogeneous hydrogen fluoride cluster anions and heter
neous argon/hydrogen fluoride cluster anions. While none
the former group photodetached in our photon range, th
in the latter group did. Particularly intriguing is (HF)3

2 ,
which cannot have a mass coincidence with Arn(HF)2

2 . Its
photoelectron spectrum will be the subject of a future rep

III. RESULTS AND INTERPRETATION

The photoelectron spectrum of (HF)2
2 is presented in

Fig. 2. This spectrum consists of an intense, narrow p
~labeled as A! at low electron binding energy and two con
siderably weaker intensity peaks~labeled as B and C! at
higher electron binding energies. Peak A provides both
ergetic information and a basis for maintaining that (HF2

and (HF)2
2 are, for the most part, structurally similar, whil

the mere visibility of peaks B and C provides a basis
moderating this interpretation and invoking the view th

FIG. 1. Typical mass spectrum obtained under the source conditions us
this experiment. The mechanism for anion formation is not known, but
region in which they are formed provides large numbers of very low ene
secondary electrons in a many-collision environment.
No. 8, 22 August 1997
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(HF)2 and (HF)2
2 are, in fact, very slightly dissimilar struc

turally. Table I summarizes our results and assignments
Peaks B and C are separated from peak A by ener

equivalent to the HF molecule’s stretching frequency and
first overtone frequency, respectively. We assign these p
as being due primarily to intramolecular vibrational exci
tions in neutral (HF)2 , with peak B arising from the transi
tion between cold (HF)2

2 and (HF)2 with one quanta of neu
tral monomer vibrational excitation and with peak C arisi
from the transition between cold (HF)2

2 and (HF)2 with two
quanta of neutral monomer vibrational excitation. As no
above, we interpret peaks B and C as arising due to Fran
Condon overlap and thus as evidence for some degre
structural dissimilarity between (HF)2

2 and (HF)2 . Negative
ion photoelectron spectroscopy is so sensitive to an
neutral structural differences and the intensities of peak
and C are so weak, that the structural dissimilarity betw
(HF)2

2 and (HF)2 is probably only slight. The appearance
HF molecular vibrations in this spectrum also confirms t
(HF)2

2 is composed of intact HF molecules, and that (HF2
2

FIG. 2. Photoelectron spectrum of (HF)2
2 recorded with 2.540 eV photons

TABLE I. Summary of results obtained from the photoelectron spectrum
(HF)2

2 .

Peak

Electron binding
energya in eV

~in cm21!

Energy relative to
peak A in eV

~in cm21! Assignment

A 0.063 ••• Vertical detachment
~508! energy~VDE!b

B 0.553 0.490 One quantum of H–F
~4460! ~3950! stretch vibrationc

C 1.018 0.955 Two quanta of H–F
~8210! ~7700! stretch vibration

aA typical error bar is60.003 eV in determining peak position.
bThe adiabatic electron affinity (EAa) is very close to the value of VDE.
cLiterature value is 3931 cm21 ~Ref. 63!.
J. Chem. Phys., Vol. 107,
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is not @H1•••~FHF!2#2 internally. As for transitions involv-
ing intermolecular~hydrogen bonding! modes, they are also
most probably present but are unresolved at the resolutio
our spectrum.

Peak A is the dominant feature in the photoelectr
spectrum of (HF)2

2 . The vertical detachment energy~VDE!
is the electron binding energy at the maximum intensity
this peak, and it is 6363 meV. The fact that peak A is the
highest intensity and the lowest EBE feature in the spectr
suggests that the origin transition lies~unresolved! within it,
while its narrowness indicates that the origin transition pro
ably lies very near the VDE.60 The adiabatic electron affinity
(EAa) corresponds to the electron binding energy of the o
gin transition. Thus, the EAa of (HF)2 is either equal in
value to the VDE of (HF)2

2 , or perhaps a few meV less
Structural implications also emerge from a consideration
peak A’s spectral properties. Because peak A is an unusu
narrow, origin-containing spectral feature with a high pr
portion of the Franck–Condon overlap, this implies th
(HF)2

2 and (HF)2 share major structural similarities, eve
though other features in the spectrum suggest the presen
slight structural dissimilarities. Thus, our picture of the stru
ture of (HF)2

2 is that it is mostly like that of (HF)2 , but with
some slight differences.

The features seen here are typical of the distinctive sp
tral signature that we have observed in the photoelec
spectra of every dipole bound anion we have studied, th
including not only dimeric,48–54 but also molecular61 dipole
bound anions. This spectral fingerprint consists of an inten
narrow peak at unusually low electron binding energy p
much weaker vibrational features, characteristic of the c
stituent molecules, at higher electron binding energies. T
signature is unlike that of any known conventional anion
species.

IV. DISCUSSION

In the accompanying paper, Gutowski and Skurski58 cal-
culate the EAa of (HF)2 , the geometries of (HF)2

2 and
(HF)2 , and the modeled photoelectron spectrum of (HF)2

2 .
They found the EAa of (HF)2 to be 49 meV and the VDE o
(HF)2

2 to be 50 meV, in reasonably good agreement with o
values; they found slight structural differences between
geometries of (HF)2

2 and (HF)2 at both the inter- and the
intramolecular levels~see their Table I!; and they found ex-
cellent agreement, in most respects, between their mod
photoelectron spectrum and our measured one.

Figure 3 compares their modeled photoelectron spect
of (HF)2

2 to our experimentally obtained spectrum
(HF)2

2 . Gutowski and Skurski generated this spectrum
broadening their calculated line spectrum to an instrume
resolution of 27 meV. Notice that the relative intensiti
match very well. The A–B and A–C peak spacings in th
modeled spectrum, however, are slightly larger than the o
actually measured. They attribute this to the fact that th
calculation was conducted in a harmonic approximation

f

No. 8, 22 August 1997
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all of the modes in this problem. Nevertheless, this is the fi
time that theory has so successfully modeled the photoe
tron spectrum of a dipole bound anion.

The work of Gutowski and Skurski has shown that t
potential surfaces for (HF)2 and (HF)2

2 are slightly different
from each other, both in terms of their displacement relat
to one another~structural differences! and their curvatures
~force constants!. All of the peaks appearing in the modele
photoelectron spectrum are the result of differences betw
these potential surfaces, and they are Franck–Condo
character. It is also likely that both displacement and cur
ture factors contribute to peak intensities. Thus, these ca
lations are supportive of the contention that the visibility
peaks B and C in the experimental spectrum is indicative
structural differences between (HF)2 and (HF)2

2 .
Structural distortions in dipole bound dimer anions ha

also been explored theoretically for the case of~H2O!2
2. Sev-

eral years ago, using quantum simulation techniques anab
initio electronic structure calculations, Landman a
co-workers39 found that ‘‘...while the minimum energy o
~H2O!2

2 corresponds to a nuclear configuration similar to t
found for the neutral~H2O!2 cluster, other nuclear configu
rations are also exhibited at finite temperature, character
by a higher total molecular cluster dipole moment and

FIG. 3. Comparison between the modeled photoelectron spectrum of (H2
2

~Gutowski and Skurski! and its experimental spectrum~present work!. The
modeled intensity of peak A was normalized to that of peak A in the
perimental spectrum.
J. Chem. Phys., Vol. 107,
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larger magnitude of the excess electron binding energ
Just a few months ago, Bouteiller and co-workers62 used
density functional calculations to study water dimer and
anion. They found ‘‘...that a significant modification of th
neutral parent geometry is introduced by the electron atta
ment process...,’’ and that their ‘‘theoretical values of t
very weak electron affinities and vertical detachment en
gies show good agreement with available experimen
data.’’ This constitutes still another example of recent cal
lations coming to grips with past discrepancies betwe
theory and experiment regarding dipole bound anions.

Among the more important lessons to emerge from b
the theoretical and the experimental study of (HF)2

2 is that
the interaction of an excess electron with (HF)2 is capable of
changing its potential energy surface. Given that even
tramolecular structure is affected, this interaction can
viewed as a form of weak electrostriction. Apparently, th
lesson can also be applied to~H2O!2

2, and we anticipate tha
small anion/neutral geometry changes will occur in other
pole bound dimer anion systems as well. In treati
electron–polar molecule interactions theoretically, it is pro
ably important to utilize methods which allow the molecul
to distort slightly under the influence of their interaction wi
an excess electron.
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