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Abstract

Studies of the formation of negative ions at heated metal surfaces are reported under two experimental conditions: (1) laser
desorption/ablation ionization and (2) heated metal wires in the presence of fluorine gas. In condition (1), nanoclusters of boron
nitride/graphite are first produced by laser ablation of boron nitride mixed with graphite in a heated (;1100 °C) rare gas
followed by laser desorption negative ionization to yield a wide variety of cluster anions. The negative ion mass spectra for
laser ablation/desorption ionization of small cluster ions from fullerenes, graphite, or most carbon containing metals (e.g.
stainless steel) show common features (Cn

2 for n 5 1 to ;10, with even. odd alternation). The laser serves to heat the
surface, produce clusters, and provides free and “quasifree” electrons for attachment and to dissociate larger negative
ions/neutrals to produce low-mass cluster anions. Laser desorption of C60H36 and C60F48 at high laser power results in intense
H2 and F2 ion signals, respectively. In the case of C60H36, the H2 ion production is attributed to dissociative electron
attachment, i.e.e 1 C60H363 C60H35 1 H2. For the case of C60F48, both dissociative attachment and photodissociation of
C60F48

2 are believed responsible for the F2 ion yield. These observations form the basis for the development of intense pulsed
ion sources of H2 and F2 ions for use in energy production (fuel injection into fusion reactors), spallation neutron devices,
lithography, and other applications. In condition (2), heated metal wires of Al, Au, Au/Pd, Nb, Ni/Cr, Pt, Re, Ta, Ti, V, W,
and Zr are “burned” in a low pressure vapor of fluorine gas (;1024 Torr) resulting in a wide variety of molecular anions (e.g.
Al2F9

2; AuF2,3
2 ; NbF6

2; ReF5,6
2 ; TaF6

2; Ti4,5
2 ; VF4,5

2 ; WF5,6
2 ; ZrF5

2, and Zr2F9
2) of varying intensity. Also of interest are the

occurrences of F3
2 and the “impurity” ion Na2F3

2. (Int J Mass Spectrom 205 (2001) 309–323) © 2001 Elsevier Science B.V.
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1. Introduction

The formation of negative ions on surfaces has
been studied under a large range of experimental
conditions. Negative surface ionization [1] is proba-
bly the best studied of these processes where a

molecule accommodates itself on a “hot” surface,
picks up an extra electron from the Fermi sea of
electrons and leaves the surface as an anion. Measure-
ments of the ion yield as a function of surface
temperature has provided information on the differ-
ence in work function of the surface and the binding
energy of the anion (i.e. electron affinity). In a related
study [2], surface reaction negative ionization was
also reported in which the “burning” of uranium wires
in fluorine gas was found to produce very large
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currents (microampere beams) of UF6
2 negative ions.

Although the processes leading to the formation of
negative ions is not well understood, surface ioniza-
tion is presumably the final step.

Recent attention has turned to negative ion forma-
tion via low-energy electron interactions with solids.
Sanche [3] has reviewed the progress in this relatively
new field of research; electron stimulated desorption
ionization. Likewise, laser desorption negative ioniza-
tion mass spectroscopy represents an important new
tool in materials analysis characterization and mass
spectroscopy of biomaterials. The use of so-called
matrix assisted laser desorption ionization also allows
for desorption ionization with minimum fragmenta-
tion. Despite its increasing importance, the mecha-
nisms leading to laser desorption negative ionization
are not well understood at the present time. One can
postulate that both surface ionization as well as free or
quasifree electron attachment (i.e. electron stimulated
desorption) would be important. The present study
represents an experimental investigation of laser de-
sorption negative ionization of nanoclusters as well as
a full account of the formation of negative ions from
burning wires in fluorine gas.

2. Experimental

2.1. Laser desorption time-of-flight mass
spectrometry experiments

The negative ions were analyzed using a laser
desorption/ionization time-of-flight (TOF) mass spec-
trometer as previously described [4]. The experimen-
tal arrangement consists of the following elements: a
sample probe in the sample chamber, accelerating
electrodes, ion flight tube, microchannel plate detec-
tors and data recording system, ion-focusing system,
LN1000-nitrogen laser system and a series of micro-
scope slides for attenuation of the laser beam. The
whole system was operated under a high vacuum
(1028 Torr). A layer of sample is deposited on the
“tip” of the probe by evaporation from solution or
vacuum sublimation. The laser beam (e.g. LN1000-
nitrogen laser with wavelength of 337.1 nm and a 600

ps duration) is mildly focused onto the sample. When
the laser beam impinges on the sample, molecules are
ejected from the surface into the gas phase, along with
positive/negative ions. In addition, electrons are
ejected into the gas phase which can also attach to gas
phase molecules. A photodiode near the laser beam is
used to pick up the pulse signal as a start trigger. The
arrival time spectra (0–100ms) are recorded by a
digital oscilloscope and converted to ion mass distri-
butions. The laser beam power density is varied in
two ways: either a set of microscope slides is intro-
duced to act as a beam attenuator, or the focal point of
the laser beam is adjusted to a different distance.
Usually the laser was focused to a point beyond the
sample. The sample probe tips are made from Cu,
stainless steel (ss), or Ta metals. Most of the samples
are prepared in a toluene solvent before drying on the
tips. In order to confirm the results, other solvents
(e.g. tetrahydrofuran etc.) are also used. The calibra-
tion of mass spectra is often determined from well
known masses which exist in the spectra (e.g. Na1,
K1, Cl2, C60

2 , etc.). In some difficult cases, e.g.
C60H36, adding a small amount of C60 or C70 to the
sample is very helpful for mass calibration purposes.

Samples of C60H36 were prepared by three differ-
ent methods; (1) direct exposure of fullerene to high
pressure hydrogen, (2) catalytic reduction of
fullerenes in solution with a platinum oxide catalyst
[5], and (3) a process using Zn and conc. HCl [6].
Samples of C60F48 were prepared using a direct
fluorination of C60 at 250 °C in a sodium fluorine
matrix [7]. Nanoclusters of mixed (2:1) boron nitride/
graphite (BNC) were synthesized using modifications
of a technique developed by Smalley and co-workers
[8] for the production of endohedral fullerenes and
carbon nanotubes. Our adaptation of the method of
Smalley and co-workers has been fully described [9].

2.2. In situ reaction of metal wires with fluorine
within a magnetic sector mass spectometer

The metal-wire/fluorine-gas “combustion” analy-
ses were conducted on a hybrid mass spectrometer of
BEqQ geometry; the ZAB-EQ from VG-Analytical
(Manchester, England). Portions of the instrument
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were specially adapted for these experiments. Thus, a
gas train was constructed to allow the controlled
introduction of F2 into the ion source (see Fig. 1).
Because there is no direct pressure measurement
within the source block, the operative pressure is
estimated from the readings at the Pirani gauge.
Despite numerous experiments consuming significant
amounts of highly reactive F2 gas, no detrimental
effects were noted on the ion source, source housing,
or vacuum pumps. A dedicated ion source was also
constructed for this project, based loosely on the
standard ZAB field desorption ion source (see Fig. 2).
In order to provide the high currents needed to
effectively heat short lengths of low resistance wire
(e.g. 4 mm of 250mm Au wire) a 50 A 12 V auto
battery was connected to solid-state circuitry to allow
voltage control of the output. The battery and circuitry
were encased in an electrically insulating plexiglass
box so that the entire assembly could be “floated up”
to the accelerating voltage of the ZAB (8 kV). The
output of the battery was connected through existing

feed throughs on the flange of the source housing to
provide the necessary current (up to 10 A) to the wire
being analyzed.

In a typical experiment, the wire was introduced
into the ion source via the vacuum lock of the ZAB,
F2 gas was introduced as depicted in the caption to
Fig. 1, scanning of the magnetic sector was com-
menced, and heating current was supplied to the wire
by adjusting the potentiometer control of the 12 V
external battery power supply. The heating current
was increased stepwise at periodic intervals whereas
the acquired spectra were monitored in “real-time”
with the OPUS data system. In most cases total ion
currents of the spectra were extremely low initially,
but experienced a sudden increase at a specific heat-
ing-current voltage. At that point the stepwise in-
crease in heating current was halted, but spectral
acquisition continued. The reaction usually proceeded

Fig. 1. Schematic diagram of the gas train for safe introduction of
highly reactive and toxic elementary fluorine to the source block of
the ZAB mass spectrometer. All components are stainless steel, and
all tubing is 1/8 in., except as indicated below. A cylinder of
fluorine gas (F2) with a pacified pressure regulator (R) is kept in a
well ventilated fume hood. Tubes (a, b) lead to and from the ZAB,
where three-way valves (T1, T2) direct the flow of a “plug” of F2

at 1 atm. to a 1/4 in. diameter expansion coil (C) where the pressure
is reduced;100-fold. A shutoff valve (S) and a needle valve (N)
allow regulation of flow to the ion-source block (SB) via a teflon
capillary (c). To protect the hot filament of the Bayard-Alpert ion
gauge (IG) during this mode of operation, the gauge is switched off
and source housing pressure is monitored indirectly at the Pirani gauge
(P) situated between the diffusion pump (DP) and its backing rotary
pump (SRP). The ZAB’s inlet’s rotary pump (IRP) allows evacuation
of the expansion coil C through valve T2 when required. The exhaust
tubes (d, e) of the rotary pumps are large diameter Tygon.

Fig. 2. The ion-source block for combustion of metals in F2 in the
ZAB mass spectrometer. A Teflon sleeve at the rear of the source
guides the field desorption (FD) probe with minimum clearance
(,0.5 mm) to maintain a high pressure differential between the
inside and outside of the block when gas is introduced via a Teflon
capillary. The FD probe carries an FD-emitter blank to which is
spot welded a piece (;4 mm) of the wire under investigation.
Heating current to the wire is provided via the standard contact
points of the FD probe. Elementary fluorine is introduced via a
Teflon capillary. The ion source is further equipped with a filament
assembly and a second capillary, the combination of which allowed
operation in the negative-ion chemical ionization mode to enable
calibration of magnet scans.
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to completion (breaking/melting of the wire) at the
same voltage. Visual monitoring of the wire temper-
ature (observation of the color of reflected light from
the wire visible through the glass window of the
source housing on the ZAB) indicated an ever increas-

ing temperature (dull red3 cherry red3 white) at
the same voltage. This is explained by the increase in
wire resistance as its diameter is decreased by deple-
tion of the metal surface through reaction with fluo-
rine. Termination of the reaction took anywhere from

Fig. 3. Negative ion TOF mass spectra of bare metal sample tips.m/z24, 36, 48, . . . areattributed to Cn
2, n 5 2, 3, 4, . . . , respectively.

These mass peaks are most prominent in the ss tip. Other commonm/zamong the tips are 26 (CN2) and 35/37 (Cl2).

Fig. 4. Negative ion TOF mass spectrum of C60 on a Ta tip. Abundantm/zof 24, 36, 48, . . . ,156, are attributed to Cn
2 (n 5 2, 3, 4, . . . ,

13) respectively. TOF mass spectra of C60 are the same for Ta, ss, and Cu tips.
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tens of seconds to several minutes, dependinginter
alia on the melting point of the metal. As the wire
temperature increased, the relative intensities of ob-
served peaks in spectra sometimes changed also.

In these experiments determination of “accurate
masses” (i.e.,2 ppm deviation from theoretical) is
not possible because of the lack of suitable reference
materials which produce closely spaced peaks of
known elementary composition under the conditions
of the experiment. Mass calibrations were made in a
separate electron capture experiment utilizing the
electron beam capability of the ion source (see Fig. 2)
with reference materials such as chloroform and
trifluoroacetic acid. The present mass assignments are
thought to be accurate within;0.07 Da, based on
comparison of the observed masses of ions identified
by their isotope cluster shape with the calculated
(theoretical) masses of those ions.

3. Results and discussion

In our initial studies of laser desorption negative
ionization (LDNI) we examined the LD from metal

sample “tips” made of stainless steel, tantalum, and
copper. Fig. 3 shows the results of these studies for
laser powers sufficient to observe the anions. We
stress that these powers are generally larger than those
required to observe ions when samples are deposited
on the tips. We have tentatively identified many of the
anions in Fig. 3. Of particular interest is the formation
of Cn

2 ions from ss. Other “impurity” peaks are also
detected, such as CN2 and Cl2. LDNI mass spectra
for the copper and tantalum tips also show a large
number of ion peaks many of which are common to
ss. By comparison, Fig. 4 shows the LDNI data for a
C60 covering on Ta. Here the signals are much larger
and all peaks are attributed to Cn

2 with n 5 2 to ;13
including a large peak at C60

2 . The same features were
observed for C60 on Cu and ss substrates. The C60

2

signal is attributed to both free electron attachment
(from electrons produced by laser ejection and ther-
mionic emission) and surface ionization. Free electron
attachment to the carbon cage C60 fullerene molecule
has been studied in cross beam experiments [10–13]
and with flowing afterglow/Langmuir probe FLAP
[14] techniques. These studies reveal a most unusual

Fig. 5. Negative ion TOF mass spectrum of BNC material on a ss tip. All peaks are identified. The seriesm/z43, 68, 93, 118, 143, and 168
is attributed to (BO2)(BN)n

2 (n 5 0–5). Theseriesm/z26, 51, 76, and 101 is assigned to CN(BN)n
2 (n 5 0–3). Theseriesm/z35, 47, 59,

71, and 83 corresponds to CnB2 (n 5 2–6). Observed intensities are in agreement with the theoretical isotopic mass distributions. Cn
2 (n #

9) is also present.
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attachment cross section behavior: a large attachment
cross section is observed up to;15 eV. In addition,
some of the experiments indicate a fall off in the cross
section at energies below;0.2 eV. The fall off at low
energies is consistent with the theoretical conjectures
of Tosatti and Manini [15], who argue thats-wave
attachment to C60 is symmetry forbidden (see also
[9]). Unfortunately, the reports of the absence of
s-wave free electron attachment to C60 have been
refuted in two recent experimental studies [16,17].
Both of these studies report electron attachment
thresholds which are coincident with that of electron
attachment to SF6 to form SF6

2 (i.e. at ;0 energy).
The “zero-energy” resonance in SF6 was used to
calibrate the electron energy scale. We caution, how-
ever, that the use of this method of energy calibration
requires special experimental attention. Schulz [18]
was the first to point out if a very slight positive
potential exists in the electron interaction region, the
electrons entering this region can never reach zero
energy. The result is to shift all of the higher energy
features down in “nominal” energy (i.e. reading on the
voltmeter used to establish the energy scale). The SF6

2

peak cannot shift below “zero” energy, however, a
higher-energy peak can be shifted down to be coinci-
dent with the SF6

2 peak. These effects were also
discussed in many of our earlier publications (see e.g.
[19] and [20]). In the studies of Huang et al. [13], as
in our earlier studies, a small bias voltage was applied
to the collision chamber in order to compensate for
any contact potential bias, external fields, or surface
potentials which might be present. In these studies
[13] it was found that a slight excess positive voltage
applied to the chamber could shift the C60

2 peak and
threshold down in energy to be coincident with that of
SF6

2. We tentatively suggest that such potentials may
have been present in the studies reportings-wave
capture [16,17]. Further information bearing upon
low-energy electron attachment to C60 comes from
studies of high-Rydberg atom electron charge ex-
change reactions. Huang et al. [13] studied the reac-
tions of high Rydbergnp states with C60 for n* 5
10–43 andfound a reasonably large charge exchange
rate for the formation of C60

2 . More recent studies by
Weber et al. [21] and Finch et al. [22] extend the
reaction rate measurements to effective principal

Fig. 6. Negative ion TOF mass spectrum of BNC sublimed on a Cu tip. All peaks are identified. The seriesm/z25, 50, 75, and 100 corresponds
to (BN)n

2 (n 5 1–4). Theseriesm/z26, 115, 204, 295, and 384 is attributed to (Cu)n(CN)n11
2 (n 5 0–4). Theseriesm/z35, 59, 83, 107,

and 131 is assigned to (C2nB)2 (n 5 1–5). Theseriesm/z43, 68, and 93 belongs to (BO2)(BN)n
2 (n 5 0–2). Theseriesm/z26, 51, 76, 101

corresponds to (CN)(BN)n
2 (n 5 0–3). Theseriesm/z131, 220, and 309 represents (CunO)(CN)n11

2 (n 5 1, 2, and 3). Observed intensities
are in a agreement with the theoretical isotopic mass distributions.
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quantum numbers,n*, well over 100. The reaction
rates for high Rydberg charge transfer are expected to
be equivalent to those for slow free-electron attach-
ment. Thus, the observation of Rydberg charge trans-
fer with C60 especially the relatively constant rate for
n* from ;40 to 270 [21], appears to contradict the
earlier free electron attachment data [10–13] and the
theoretical predictions of nos-wave capture. A num-
ber of possible explanations for this discrepancy have
been proposed; symmetry breaking due to the electric
field of the ion core [13], rotations resulting in polar
“flattening” of the molecule [22], a polarization-
boundL 5 0 state [22], and the presence of a narrow,
virtual s-wave resonance which escapes detection in
the beam experiments but is detected in the Rydberg
experiments [21]. Although more studies are needed
to complete this interesting story, it is important to
point out that Rydberg charge transfer to the prolate
C70 molecule exhibits an n-dependence similar to that
of the C60 molecule [21]. Thus, the observation of
Rydberg charge transfer at high n suggests that C60

2 in
LDNI could also be formed by reactions of C60 with
quasifree electrons (i.e. thermionic electrons which
cannot escape their image charges).

The formation of low mass carbon cluster anions
for n 5 2–13 shown in Fig. 4 is most interesting.
One could postulate that laser heating of the fullerenes
on the surface produces small Cn clusters followed by
electron attachment or surface ionization. Carman and
Compton [23] have examined slow electron attach-
ment (via high Rydberg charge transfer) to small
carbon clusters and observe very different mass spec-
tra. These experiments show enhanced electron at-
tachment (high-Rydberg state charge transfer) for
n 5 5, 10, 12, 16, and 18. Surface ionization was
not studied, however, the reactions of carbon clusters
with slow ground state alkali atoms produced a mass
spectrum reflecting those carbon clusters with high
electron affinities (the “even-n-cluster” anions). The
mass spectrum in Fig. 4 may represent a combination
of slow electron attachment and surface ionization.
However, given the propensity for C60 to lose C2 upon
laser excitation, the low mass Cn

2 could also be a
result of photodissociation of hot C60

2 . Much more
work is necessary to fully understand the origin of the
low mass Cn

2 ions.
We now turn to the LDNI of the small mass

clusters of the prepared sample of BNC. The laser

Fig. 7. Negative ion TOF mass spectra of Na3FeF6 on a ss and a Cu TOF tips, illustrating the role of the sample surface. Them/z19, 103,
113, and 132 are assigned to F2, Na2F3

2, FeF3
2, and FeF4

2, respectively. The seriesm/z24, 36, 48, . . . ,108, corresponding to Cn
2 (n 5 2–9)

appears only in the ss substrate spectra.
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ablation material was dissolved in toluene and placed
on the sample tip to dry to a surface covering. Fig. 5
shows a large variety of small negative ion clusters.
Not shown is a small peak corresponding to C60

2 . The
occurrence of (BO2)(BN)n

2 for n 5 0–5 (clusters at
m/z 43, 68, 91,etc.) suggests that reactions with air
impurities changed the surface composition before
analysis. The effects of the metal substrate is seen in
Fig. 6 where the laser ablation products have been
deposited on a copper surface and analyzed by LDNI.
Many of the ions seen in this spectrum are common to
those for the ss tip, however there are strong peaks
corresponding to (Cu)n(CN)n11

2 for n 5 1–5.Thus it

is obvious that the composition of the sample tip plays
an important roll in the anionic products. We provide
one final example of the effects of the sample surface
for the case of Na3FeF6 on a ss and Cu tip. The
Na3FeF6 was first dissolved in C6F6 and placed on the
tips to dry. Fig. 7 shows a variety of mass peaks
common to both ss and Cu including FeF3

2, FeF4
2, and

Na2F3
2 (m/z113, 132, and 103, respectively).

3.1. Intense H2 beams by laser desorption of C60Hx

The mass range of LD positive ion peaks for
C60H36 usually extend from 720 to 756 due to the

Fig. 8. Laser desorption negative ion mass spectrum for low-mass anions from C60H36. Note the occurrence of electrons (e2) and hydrogen
anions (H2). The parameter “n-slides” depicts the number of microscope slides used to attenuate the laser beam (see sec. 2).
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thermal decomposition into C60Hx
1 ( x # 36). The

laser desorption negative ion mass spectra for C60H36

found in this work and reported previously [5] show
only negative ions of C60Hx for x 5 1 to ;10 with
the ion intensity decreasing rapidly fromx 5 1 to
x 5 10. This observation is consistent with theoreti-
cal predictions of the electron affinities (EA) for
C60Hx (see [4] and [5]).

Fig. 8 shows the negative ion mass spectra at low
mass for various laser powers for C60H36 deposited on
a copper substrate. Of particular interest is the occur-
rence of H2 ions along with a signal corresponding to
electrons. The peak near mass zero (;0.0005 Da) is
identified as electrons based upon the TOF, as well as
through the observation that a small permanent mag-
net placed close to the flight tube extinguished this
signal leaving the H2 undiminished. We can specu-
late about the mechanism leading to the relatively
large H2 ion yield. The cross section for electron
attachment to C60 forming long-lived C60

2 anions is
large and extends from;0 to ;15 eV as discussed
above. If we assume that electrons can attach to
C60H36 over this approximate energy range, the final
product would be C60Hx

2 ( x # 10) and H2. Any
C60Hx

2 ions in the laser field might also undergo
photodissociation to produce H2 ions. The H2 ion
signal at reasonable laser intensity is much greater
than that for C60Hx

2, thus the primary ionization
process observed is believed to be dissociative elec-
tron attachment

e 1 C60H363 C60H36
2 * 3 [C60Hx 1 y H]

1 H2 (x 1 y 5 35). (1)

This observation prompts the suggestion that laser
ablation of hydrogenated fullerenes or perhaps hydro-
genated carbon nano-tubes on a surface would allow
the development of a bright source of H2 ions.

Atomic negative ions of hydrogen are used in
many areas of science and technology relating to
energy production and fundamental research. Intense
H2 ion sources are needed to produce neutral beams
for fuel injection into the next-generation magnetic
fusion devices [24]. One fundamental study using H2

is that performed on the reactions of antiprotons with

H2 to form protonium [25]. There are also proposals
to accelerate H2 ions into synchrotrons for medical
applications [26]. The current spallation neutron de-
vices at the Ratherford Laboratory and the SNS under
construction at the Oak Ridge National Laboratory by
the DOE) rely upon H2 ion sources [27]. These and
many other uses of H2 negative ion sources in particle
accelerators have been reviewed by Dinov [28].

The H2 ion source proposed herein offers a num-
ber of potential advantages: (1) high intensity pulsed
operation with controllable repetition rate; (2) mini-
mum gas loading to vacuum system; (3) the ion
source requires no electron beam, thereby simplifying
the high voltage and other requirements; (4) antici-
pated long lifetime of the source. The last advantage
cited does require a mechanism for continuous expo-
sure of the pulsed ion beam to new hydrogenated
fullerenes.

3.2. Intense F2 beams by laser desorption of
C60F48

Laser desorption mass spectrometry of C60F48 to
produce C60Fx

2 has been reported previously. Here we
focus on the production of F2 ions as shown in Fig. 9.
Note also the formation of Cn

2 ions reminiscent of that
shown in Fig. 4 for C60 covered surfaces. Thus, as in
the case of H2, we propose that laser desorption of
C60F48 could provide an intense pulsed source of F2

for many applications including lithography. The F2

ion could result from both dissociative electron at-
tachment and photodissociation

e 1 C60F483 C60F48
2 * 3 [C60Fx 1 yF] 1 F2

~ x 1 y 5 47! (2)

C60F48
2 1 hn 3 [C60Fx 1 yF] 1 F2

~ x 1 y 5 47! (3)

3.3. Combustion of metal wires in a fluorine
atmosphere

Certain metal fluorides are known to possess elec-
tron affinities which are greater than that of the
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ionization potentials for many atoms and molecules
[29,30]. The term “superhalogen” has been designated
for these molecules [31,32]. For example, the electron
affinities for d-shell metal atom hexafluorides mole-
cules, MF6, are estimated to vary from 5 to about 10
eV (see [30]). Gold hexafluoride is thought to possess
the largest electron affinity. Bartlett [29] used a
Born-Haber cycle calculation for gold fluoride salts to
obtain an electron affinity of;10.5 eV for AuF6.
Compton and Reinhardt [33] measured the center-of-
mass energy onset for the formation of AuF6

2 from the
reactions of fast alkali beams with beams of Au2F10

(e.g. Cs1 Au2F103 Cs1 1 AuF6
2 1 AuF4) to de-

duce an electron affinity of;10 eV for gold hexafluo-
ride. The large electron affinity of these hexaflouride
molecules can be attributed to (1) their nonbonding
highest occupied molecular orbital, i.e. this orbital
consists mainly of atomic orbitals sited at the F atoms,
which accommodate the extra electron; (2) the high
electronegativity of the F ligands, which effectively
supports strong bonding of an additional electron; (3)
the large number of F ligands, which makes the
effective delocalization (distribution) of the excess
charge density over the large ligand sphere amenable;

and (4) the high polarity (ionicity) of the M–F bonds
[30]. A recent review article on multiply charged
anions [34] gives a summary of fluoride molecules
whose electron affinities are believed to be in excess
of 5 eV. The first experimental photoelectron spectra
of a superhalogen was recently reported by Wang et
al. [35]. A large electron affinity should not, however,
necessarily imply that the electron attachment cross
section will be large. For example, UF6 has a large
electron affinity but a very small electron attachment
rate for low energy electrons [36]. The electron
attachment rate is a complex function of electronic-
and nuclear wave functions overlap and the accom-
panying dynamics involving a breakdown of the
Born-Oppenheimer approximation.

The large electron affinities of superhalogen mol-
ecules is expected to greatly influence the surface
chemistry involving these species and thereby play a
role in the yield of neutral hexafluorides. The produc-
tion of metal hexafluorides by the reactions between
metals and fluorine has a long history. In 1900,
Moissan [37] reported that fluorine gas reacted vigor-
ously with uranium metal to produce a volatile gas
which was later identified as UF6. In 1977, one of us

Fig. 9. Laser desorption negative ion mass spectrum of C60F48 at low mass. Note the intense F2 peak and the absence of F2
2 and F3

2. Peaks
each side of C3

2 are attributed to35Cl2 and37Cl2. Not shown is the progression C60F48
2 , C60F48

2 , C60F48
2 , etc. at higher mass.
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showed that these reactions producing UF6 also pro-
duced UF6

2 ions in great abundance [2]. Because the
work function of clean uranium is low (;3.5 eV), it
was speculated that negative ions of UF6 were pre-
cursors to the yield of neutral UF6. Since many
hexafluoride molecules are prepared through burning

metal in fluorine gas the production of negative ions is
also expected to be important. This article reports a
further more detailed study of the production of metal
fluoride anions formed during the reactions between
fluorine gas and hot metal filaments.

The negative ion spectra generated on resistively

Fig. 10. The negative ion spectrum generated on resistively heating a Zr wire (127mm 3 4 mm) in a fluorine atmosphere (estimated 1024

mbar within the ion source) within the ion source. The wire glowed cherry red. Insets are expanded regions of the spectrum comparing, where
appropriate, the observed and calculated isotope clusters for the assigned elementary compositions.

Fig. 11. The negative ion spectrum generated on resistively heating a Re wire (100mm 3 4 mm) in a fluorine atmosphere (estimated 1024

mbar within the ion source) within the ion source. The wire glowed intensely white hot. Insets are expanded regions of the spectrum
comparing, where appropriate, the observed and calculated isotope clusters for the assigned elementary compositions. The peaks atm/z
299/301 are overranged. The observed inset is taken from a spectrum recorded at a lower temperature.
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heating Zr and Re wires in a fluorine atmosphere
within the ion source of the mass spectrometer are
displayed in Figs. 10 and 11, respectively. In Fig. 10,
the isotope cluster atm/z 185 corresponds to that
calculated for ZrF5

2, thus establishing its identity. The
same applies to the cluster starting atm/z350, which
corresponds to Zr2F9

2. (It should be noted that the
relative intensities of the clusters displayed in the
spectra represent only a “snapshot” of the progression
of the reaction. For instance, the intensity ratio Zr2F9

2/
ZrF5

2 decreases as heating of the Zr wire within the
source increases.) At the beginning of the analysis
depicted in Fig. 10 this ratio is about 35%, whereas it
is ,1% at the time this snapshot (Fig. 10) was taken.
Similar intensity variations as a function of time apply
to Fig. 11 and to various other experiments as detailed
in Table 1.

In Fig. 11 the appearance of clusters representing
FeF4

2 and MoF6
2 are unexpected. They appear only

toward the end of the analysis when the Re wire has
attained white-hot temperatures. These same clusters
also appear with other wire materials (e.g. W) having
high melting points and thus the capability of substan-
tially heating the ion source during the course of the
reaction. Therefore, the iron and molybdenum gener-
ating these clusters are thought to derive from the
stainless steel walls of the ion source upon extensive

radiative- and convective heating by the glowing
wire. Fluorides of Ni and Cr (other significant com-
ponents of the 316 ss used to make the ion source)
were not observed. This is consistent with the nonob-
servation of NiFx

2 and CrFx
2 when Nichrom wire was

employed in the combustion (see Table 1).
It had been expected that gold and platinum would

provide abundant peaks of AuF6
2 and PtF6

2 based on
the very high electron affinities of the corresponding
neutral molecules. As can be seen in Table 1, this was
not the case. The nonobservation of AuF6

2 could be
ascribed to a termination at the formation of the lower
fluorides and AuF6

2 is not formed. However, since it
is well known that PtF6 is formed in fluorine/Pt
combustion, we are at a loss to explain the absence of
PtF6

2 in our experiments. The low energy electron
attachment rate for PtF6 may be very small, however
the large electron affinity would assure that surface
ionization would occur.

Besides the metal fluoride region of Fig. 10, two
other areas are of interest; the low mass region (m/z
15–60) and the peak atm/z 103. The three lowest-
mass peaks (m/z19, 38, and 57) represent F2, F2

2, and
F3

2, respectively. Although F2 and F2
2 are observed in

all the metal-wire/F2 combustion analyses discussed
here, F3

2 is seen only sporadically, and then only as a
very weak peak. Its appearance does not seem to be

Table 1
Anions observed on resistively heating various metal wires in a F2 atmosphere within the ion source (see Figs. 10 and 11)

Wire metal/diam
(mm)

Observed
productsa Comments

Al/127 Al2F7
2 . . .

Au/250 AuF2
2 and

AuF3
2

ratio ;20/1

6/4 Au/Pd alloy/200 AuF2
2 and

AuF3
2

no PdFx
2 observed

Nb/250 NbF6
2 . . .

Nichrom/250 . . . no NiFx
2 or CrFx

2 observed
Pt/127 . . . no PtFx

2 observed
Re/100 ReF6

2 and ReF5
2 first ReF6

2; ReF5
2 only on extensive heating (see Fig.

1)
Ta/250 TaF6

2 . . .
Ti/127 TiF5

2 and TiF4
2 first TiF5

2; TiF4
2 only on extensive heating

V/127 VF4
2 and VF5

2 first VF4
2; VF5

2 only on extensive heating
W/76 WF6

2 and WF5
2 first WF6

2; WF5
2 only on further heating

Zr/127 ZrF5
2 and Zr2F9

2 these anions appear simultaniously (see Fig. 11)

a Products not associated with this specific metal (e.g. F2
2, Na2F3

2, or FeF4
2; see Figs. 10 and 11) not listed here.
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related to the type of metal wire under investigation,
either with regard to longevity of the signal, or to
signal intensity. In fact, F3

2 is more intense when the
metal wire is dispensed with altogether, and an
electron beam is introduced into the source while
maintaining a relatively high fluorine gas pressure. It
is only under these “electron capture” conditions of
the experiment thatm/z57 had sufficient duration and
abundance to be unambiguously identified as F3

2 by
collision induced dissociation [38]. This was the first
published observation of the gas-phase trifluoride
anion reported in the literature.

A peak at m/z 103.06 .07 Da was previously
observed on combustion of a gold wire in a fluorine
atmosphere, and was tentatively ascribed [39] to
AuF6

23 on the basis of the observed mass (1036 1
Da) and the monoisotopic nature of the observed
peak. One motivation for the present study was the
verification (or otherwise) of that tentative assign-
ment. [We note parenthetically that mass 103 was also
observed in the LDNI MS of Na3FeF6 (see Fig. 7)].
The following observations are relevant to structural
assignment ofm/z103.
(1) When using a gold wire in the combustion exper-

iment (spectrum not illustrated)m/z103 appears
at the same mass as it does in Figs. 10 and 11, i.e.
at m/z103.0. The precision of mass assignments
on the ZAB (see experimental) is significantly
better than was possible on the TOF instrument
(vintage 1970) used in the original observation.
The presently observed mass of 103.06 0.07
positively excludes AuF6

23 (m/zcalc 103.652) as
the proper assignment.

(2) The m/z 103 peak is seen in the fluorine atmo-
sphere combustion ofall of the metal wires
examined in this study (see Table 1), independent
of the metal employed. However, there is little
consistency in the characteristics of the signal. It
may be of long or short duration, and of high or
low intensity. Even when all controllable experi-
mental parameters are kept as constant as possible
(i.e. metal type, wire diameter, fluorine pressure,
heating current to the wire, etc.) the intensity and
duration of them/z103 peak is unpredictable.

(3) Remaining candidates for assignment to the 103

peak are AlF4
2 and Na2F3

2 (each with m/zcalc.

102.975, and therefore indistinguishable by the
most accurate mass determination possible in this
instrument configuration). If fortuitous traces of
aluminum in the other wires, or in some compo-
nent of the ion source, were responsible the
genesis ofm/z103, then an abundance of alumi-
num in the form of pure Al wire used in the
experiment would be expected to produce a su-
perabundant and long-livedm/z 103 peak. This
proved not to be the case and AlF4

2 is therefore
excluded as the candidate.

(4) Na1 is ubiquitous, and is the likely source for the
production of Na2F3

2 in these experiments. This
hypothesis is bolstered by the occasional obser-
vation of a minuscule peak atm/z61.0 (probably
corresponding to NaF2

2 generated on the wire).
Furthermore, a modest increase in duration and
intensity of m/z 103 peak is observed when the
wire is intentionally doped with NaF solution
prior to the experiment. Unfortunately, low en-
ergy collision induced dissociation [CID] experi-
ments on this peak differ markedly from those
obtained from similar precursor ions derived by
electrospray ionization of NaF solutions. Whereas
the m/z 103 peak derived from the electrospray
experiment readily dissociates tom/z 61 (NaF2

2,
loss of NaF) on low energy collisions with Ar, no
significant dissociation product was detected for
the precursor derived from the 103 peak obtained
by wire combustion.

The discussion previously presented concludes, by
eliminating all other possibilities, thatm/z 103 is
Na2F3

2. The disparity of CID results on two different
instrument types (BEqQ and QqQ) requires further
comment however. The lack of a product–ion signal
in the former experiment may be due to the difficulty
experienced in tuning the instrument to observe the
desiredm/z 1033 61 transition. The precursor ion
must be decelerated from the operating energy of the
magnetic sector (8 kV) to that of the quadrupole
sector (;10 V). In addition, the ion energy within the
analyzer quadrupole (Q) must be continuously ad-
justed as a function of product-ion mass to allow
transmission of those product-ions. The transmission
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efficiency through the qQ sector of a BEqQ instru-
ment does not usually exceed 10%. Given the added
difficulties of low intensity and uncertain duration of
the precursor-ion in this case (i.e.m/z 103 from the
burning of a wire in F2) the product ionm/z61 may
simply have been “missed.”

However, a second interesting possibility to ac-
count for the discrepancy in the “burning wire”
(BEqQ) and electrospray (QqQ) CID results is that the
structures of the Na2F3

2 precursor ions derived by
these two methods are in fact different. Boldyrev
(private communication) has performed calculations
on linear (D`h) and bipyramidal (D3h) structures for
Na2F3

2 with the result that theD3h structure is
predicted to be more stable by only;0.6 kcal/mol.
Both structures were found to be true minima. These
two distinct isomeric structures would be expected to
exhibit very different collisional dissociation patterns
as observed. It is logical to propose that the linearD`h

species would lose NaF upon collision, which is
observed in the electrospray experiments. The fila-
ment reactions would then give rise to the more
complicatedD3h species.

Several other metal wires aside from those de-
picted in Figs. 10 and 11 were subjected to combus-
tion in the presence of F2. The results are summarized
in Table 1. The observation of ReF5,6

2 can be attrib-
uted to low energy electron attachment to ReF6 on the
surface. Both of these ions are seen in low energy
electron attachment experiments [40]. Since the elec-
tron affinity of ReF6 is .5.0 eV, surface ionization is
also possible. Perhaps the most striking result of this
study is the nonobservation of PtF6

2. To our knowl-
edge, electron attachment studies for this molecule
have not been performed, however, the electron af-
finity for PtF6 is believed to be.9.3 eV [29] and one
would expect that PtF6

2 would have been produced by
surface ionization.

4. Conclusions

In summary, a wide variety of negative ions have
been produced on surfaces heated via lasers or from
combusting wires. We have attempted to delineate the

processes occurring on the surface as either “free”
electron attachment or surface ionization. For many of
the laser experiments (e.g. C60H36) thermal electron
attachment is believed to be occurring. However, the
laser can play a role in the production or photodisso-
ciation of the anions observed. For the case of UF6

reported earlier [2] surface ionization is occurring
exclusively since UF6 does not attach thermal elec-
trons [36]. Although slow electrons do not attach to
UF6, it is well known that UF6 can charge exchange
with ions such as SF6

2 to form UF6
2. Thus we suggest

that some of the ions observed herein are a result of
“quasifree” electron attachment. A filament has elec-
trons occupying the metal band structure up to the
Fermi level. As the filament is heated the Fermi edge
is “blurred” giving rise to electrons up to and beyond
(thermionic emission) the ionization limit. Those
electrons with energies insufficient to overcome their
image charge attraction are available for attachment
(i.e. “charge transfer”) to molecules on the surface.
We are attempting to distinguish “free electron”
attachment with “charge exchange” between the sur-
face and the molecule. Laser heating of the surface
provides the kinetic energy necessary for the ions to
escape the surface.

The mechanism discussed above evoking quasifree
electron attachment may have relevance to recent
experiments involving electron-stimulated desorption
of Cl2 from surfaces containing CCl2F2 and water or
ammonia at cryogenic temperatures [41]. In these
experiments the Cl2 yield produced by dissociative
electron attachment to a monolayer of CCl2F2 is
enhanced by factors of 102–104 when water or am-
monia are present on the Ru surface. We propose that
this enhancement is due to electrons which are self
trapped to dipole states of water or ammonia. These
weakly bound electrons are then free to migrate
through the dipole states which constitutes a type of
band structure becoming localized on the CCl2F2 to
produce Cl2. Although the dipole moments of water
and ammonia are too small to allow bound states in
the gas phase as a result of rotation of the free
molecule, the surface acts to lock-in the dipole per-
mitting the formation of a diffuse dipole anion (for a
review of dipole bound anions see [42] and [43]).
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Negative ion formation on surfaces is clearly a
complicated subject. In this study, we have attempted
to relate those processes which are known to occur in
the gas phase to those observed in the experiments
described herein.
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