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Abstract

Experimental and computational studies were conducted on silver/molten borosilicate glass (silica gel) ion emitters to better
understand the physical and chemical processes associated with them, and in particular the chemistry of the molten glass
solution that enhances ion emission. Based on the results of these studies and previous work, a model is proposed that explains
the major features of the observed phenomena. It is believed that the molten glass dissolves both the analyte element and some
Re from the filament. Rhenium is oxidized by the B2O3 of the borosilicate glass producing a rhenium oxide that migrates to
the surface of the glass, providing a high work function surface that enhances cation emission. Last, we believe the analyte
element (in this case Ag) resides in the glass primarily in the zero oxidation state (reduced by thermal decomposition of the
oxide or nitrate) and volatilizes from the surface with a percentage of Ag atoms volatilizing as cations determined by the
difference between the work function of the surface and the ionization potential of the analyte atom. This explanation may be
applicable to other elements analyzed by silica gel technology that are readily reduced to the elemental form (by thermal
decomposition or by reduction by the Re filament). Selected features of this explanation, such as analyte solubility and a high
work function surface, may be applicable to analyte elements that are not readily reduced to elemental form. (Int J Mass
Spectrom 208 (2001) 37–57) © 2001 Elsevier Science B.V.
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1. Introduction

The thermal ion formation process generally
termed the “silica gel” method has been widely used
for isotope ratio measurements by thermal ionization
mass spectrometry (TIMS) since its introduction in
1969 [1]. The original study concerned the analysis of
lead (Pb), but also indicated that the method could
produce ions from other elements. Subsequently,
other investigators extended the method for the anal-
ysis of many other elements [1–19]. The original

method involved dissolving the element to be ana-
lyzed in aqueous solution and adding it and phospho-
ric acid to hydrated silica gel, followed by drying and
heating. This procedure results in the production of
molten glass, although the presence of the glass phase
was not mentioned by the developers or by many
subsequent investigators. This molten solution, sup-
ported by a refractory metal filament, generally Re,
constituted the emitter. Other investigators discovered
that boric acid worked as well as, and in some cases
better than, phosphoric acid to produce the emission-
enhancing glasses [20–22]. The fundamental mecha-
nisms by which these processes produce ions remain
poorly understood, although in an earlier publication* Corresponding author. E-mail: JED2@inel.gov
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[23] a few of the features were identified. The present
study was undertaken in an effort to gain a more
complete understanding of the processes that govern
these ion emission mechanisms. The main reason for
modeling the borosilicate glass system, as opposed to
a system based on silicate/phosphate glass, is that
there is a more complete set of thermodynamic data at
high temperatures for the B™O system than for the
P™O system.

At the beginning of the present study it was
speculated that ions might be pre-forming in the
condensed phase and simply volatilized as ions, be-
cause in essentially all applications of this technique
the analyte element was introduced into the mixture as
an ion in an aqueous solution. This mixture is subse-
quently evaporated to dryness on the filament and the
dried residue is melted into a glass in the instrument
just prior to analysis. An argument against the exis-
tence of pre-formed ions is that most elements ana-
lyzed by this method produce the univalent atomic
cation, which is analyzed by the mass spectrometer,
whereas the majority of these elements do not exhibit
a stable univalent cation in the condensed phase. This
observation led to the choice of Ag to test this
hypothesis of pre-formed ions because most com-
monly encountered Ag compounds only have zero
and univalent oxidation states, and hence Ag could
conceivably volatilize as a pre-formed univalent cat-
ion if it were stable in the molten glass matrix.

The current studies have not uncovered evidence
supporting the “pre-formed ion” theory, and the no-
tion of pre-formed ions appears to be improbable for
analyte elements such as Ag that are readily reduced
to the zero oxidation state at elevated temperatures.
Based on evidence presented in this study, it appears
that the analyte element is reduced to the zero
oxidation state in the condensed phase and the atoms
volatilize as a mixture of both neutral and ionic
atomic species. Both the computational and the ex-
perimental work support the concept that the oxide
based molten matrix is not able to maintain significant
amounts of Ag above the zero oxidation state at
operational temperatures.

The results of the present studies have led to two
hypotheses. First, it is hypothesized that the ratio of

ionic to neutral species volatilizing from the surface is
determined largely by the work function of the surface
and the ionization potential of the atom, and we
present an explanation of how the molten glass
solution can attain a work function large enough to
result in the formation of ions of the abundance
observed in the silica gel method. Second, it is
hypothesized that the molten glass might successfully
dissolve and “solvate” analyte atoms in the sample,
resulting in individual atoms in the sample that would
be free of significant complexation with other species
or like atoms, allowing them to volatilize as atomic
rather than as molecular species.

2. Experiment description

The bulk of the experimental work was performed
on an ion/neutral mass spectrometer (I/N-MS) [24],
which was used to make measurements of the masses
and intensities of the thermal ions and the neutral
species (by way of electron impact ionization) emitted
from the samples. The identification of chemical
processes occurring in the glasses was accomplished
by recording mass spectra as a function of tempera-
ture, with these data being reduced to temperature
profiles of various ions. Other experimental work was
performed with a temperature programmed secondary
ion mass spectrometer (TP-SIMS) that provided in-
formation on chemical species present on the surface
at temperatures up to the maximum at which samples
were analyzed.

2.1. Samples

The silver–borosilicate samples (AgBS) were syn-
thesized from appropriate amounts of Ag metal (John-
son Matthey Electronics, powder 99.9% pure, 0.7–1.3
mm particles) or AgNO3 (Aldrich 99.9999% pure),
boric acid (Argent, reagent grade), and tetraethyl
orthosilicate (Fischer, 98% pure). The constituents
were mixed in an argon-filled glove box. After the
mixture was removed from the glove box, approxi-
mately 10 mL of 0.05 M nitric acid was added to
convert the tetraethyl orthosilicate to hydrated silica
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gel. This method was chosen, as opposed to adding
commercial silica gel, because hydrated silica gel has
variable waters of hydration (and thus it is impossible
to accurately measure the amount of SiO2 present).
The use of tetraethyl orthosilicate in a dry environ-
ment allowed the quantitative ratio of silicon to boron
to be determined. Last, the amounts of AgNO3 and
silver metal added to the respective mixtures were
such that the mole percentage of Ag in both materials
would be the same. The silver–borosilicate samples
were fabricated with nearly the same mole ratios of
Ag, B, and silicon (1 mol Ag:1.71 mol Si:11.64 mol
B) as the bismuth–borosilicate samples used in our
earlier work with bismuth–borosilicate [23].

To prepare samples for analysis in the I/N-MS and
the TP-SIMS, the silver–borosilicate mixtures de-
scribed above or AgNO3 or Ag2O (Strem Chemicals,
Inc. 99% pure) were mixed with de-ionized water and
the solutions/slurries were transferred onto a flattened
stainless steel tube that had been covered with Re
(Goodfellow 99.99% pure, 0.05 mm thick) or Ta
(Goodfellow 99.9% pure, 0.05 mm thick) sheet. The
Re or Ta had been wrapped around the tube, and
spot-welded to the stainless steel to secure it for the
duration of the experiment. Care was taken so that the
samples were not exposed to the stainless steel.
Before the tube was flattened (done in an attempt
ensure the temperature across the sample was uni-
form) a type K thermocouple was spot-welded to the
inside of the tube. Re or Ta ribbons (used as resistive
“heaters” to provide heat to the sample) were spot-
welded onto the sides of the flattened stainless steel
tube and onto sample mounting rods. The arrange-
ment is shown schematically in Fig. 1. This emitter
design was used because it essentially eliminates
voltage drop across the sample face, which is known
to cause defocusing in the ion lens around the ion
emitting region [25], and because it provided a con-
venient mount for a thermocouple. The samples were
slowly heated in air to evaporate the water, and the
resulting condensed-phase material adhered to the Re
or Ta filament.

The samples will be referred to using an abbrevi-
ated nomenclature. For example, the silver borosili-
cate (AgBS) made with AgNO3 on Ta is referred to as

AgBS/AgNO3/Ta whereas the AgBS made with Ag
on Re is referred to as AgBS/Ag/Re.

2.2. Ion/neutral mass spectrometry

The I/N-MS, which was designed in our laboratory
[24], was built around an Extrel model no. 7-162-8
quadrupole mass spectrometer with 9.5 mm diameter
rods and a model 041-11 electron impact (EI) ion
source. The instrument could be switched between the
neutral (EI) mode and the thermal ion (TIMS) mode
by changing the computer controlled lens voltages
and turning off the electron-emitting filament. Two
sets of TIMS voltages were used, one for cations and
the other for anions. The lens and sample filament
voltages for all of the modes were determined through
ion optics modeling with SIMION 6.0 [26] and
verified experimentally. It was found that the voltages
used for one mode effectively suppressed ion trans-
mission from the other modes, even when the EI
filament was emitting electrons. The ion source was
modified so the sample filament protruded nearly 7
mm inside the first ion source cage. This modification
not only increased the sensitivity of the instrument for
neutral vapors and emitted ions but also allowed
observation of evolved condensable vapors, such as

Fig. 1. Side cut away view of the sample mount. The thermocouple
(black) was inside the flattened stainless steel tube (light gray). The
Ta or Re ribbons (black) were spot-welded to the outside of the
stainless steel tube but inside the Ta or Re. The Ta or Re (dark gray)
was cut and spot-welded to the outside of the flattened tube so that
no stainless steel was exposed. Samples were placed on top of the
Ta or Re.
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Ag, that otherwise could condense prior to reaching
the ion formation region. The temperature was mon-
itored with a Fluke 51 K/J digital thermocouple
readout. During these experiments the rate of temper-
ature increase was controlled manually by adjustment
of the heating filament current; consequently, the rate
of temperature increase was unique in each experi-
ment. One aspect of the experimental procedure that
would be performed differently were it to be repeated
is that the temperature ramp would be much more
closely controlled. A probable explanation for the
spread in the width of some of the temperature
profiles is that the heating rate was not closely
controlled. A more closely controlled heating rate
would have allowed a much better evaluation of the
width of the profiles of gaseous species with temper-
ature.

2.3. Temperature programmed secondary ion mass
spectrometry

The TP-SIMS instrument was designed and built in
our laboratory. It consists of an Extrel 2-2000 AMU
quadrupole, a high-temperature probe that is inserted
through a vacuum interlock, and a primary ion gun.
The TP-SIMS experiments were performed with a
ReO4

2 primary ion beam. The ReO4
2 was produced by

heating a Eu2O3/Ba(ReO4)2 mixture which was pro-
cessed into an ion source in our laboratory [27,28].
The ReO4

2 ions were accelerated to 10 keV and
focused onto the sample so that a silhouette of the
sample was observed on an image intensifier behind
the sample. Based on visual observations, the primary
ion beam impinged on the entire sample surface. The
primary ion current varied from 70 to 100 pA, while
the data acquisition times varied from 442 s for the
samples on Ta to 492 s for the samples on Re. An
arrangement similar to that used with the I/N-MS was
used to measure the temperature during the TP-SIMS
experiments.

The ions were extracted from the sample using
pulsed extraction (alternately extracting secondary
cations and anions), which was accomplished by
continuously switching the polarity of the extraction
field throughout the data collection; extraction gate

times were tens of milliseconds. In this way the
surface charge was minimized and both cations and
anions were monitored [29]. Ions were detected both
from TIMS and from secondary ion emission. Be-
cause the ion source focusing conditions for the
surface ions and secondary ions are essentially iden-
tical (due to the fact that both types of ions originate
from the surface of the sample) SIMS ions are
identified from the difference (SIMS2TIMS) spectra.
This was accomplished by subjecting the surface to
the primary ion beam, measuring the ion beam inten-
sity (both thermal and secondary ions), deflecting the
primary beam and measuring the ion beam again
(when only the thermal ions were produced), and then
subtracting the thermal ion intensity from the com-
bined intensity. The mass spectra were scanned from
10 to 450 u for the samples on Ta and from 10 to
500 u for the samples on Re.

The primary beam of perrhenate anions produced
good quality SIMS spectra from these materials but its
use precluded reliable observation of rhenium oxides
in the SIMS spectra due to the possibility that im-
planted ions might be observed.

3. Experimental results

3.1. Features common to all samples

A feature common to all of the analyses was alkali
metal ion emission from TIMS. All TIMS instruments
have some background from alkali metal ions, which
is thought to arise from filament materials and the
glass insulators of the sample holder (the neutral
species migrate up the posts to the hot filaments,
where they volatilize as ions prior to reaching the
molten glass). In addition, impurities in the molten
glass may also contribute.

Another feature common to all analyses is the
observation that the only Ag species ever detected
from EI, TIMS, or SIMS are monatomic; no molec-
ular ions were observed at any temperature in either
the I/N-MS or the TP-SIMS. These observations are
consistent with the hypothesis that Ag exists in the
molten glass matrix as monatomic species, which is
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consistent with the notion that Ag is dissolved and
solvated in the molten matrix.

Another observation common to all measurements
is that all Ag ions and neutrals were observed across
a similar temperature range. Since a new thermocou-
ple was required for each sample (placement was not
always identical) and it was not possible to closely
control the temperature ramps, there were some vari-
ations observed in the volatilization temperatures for
the Ag species. Specifically, the initial observation of
Ag0 and Ag1 were at similar temperatures, peaked at
similar temperatures, and were exhausted at similar
temperatures for all samples. For the samples that did
not emit any thermal Ag1 (all samples mounted on Ta
and AgNO3 without a glass matrix), Ag0 volatilized
across the same temperature range as for the other
samples. These results support the argument that the
production of Ag0 and Ag1 are from the same
condensed phase species, which we believe to be
elemental Ag. The fact that the molten glass matrix
did not significantly raise the volatilization tempera-
ture of Ag over that observed for the samples that
were not in the molten glass matrix suggests that there
was not significant chemical interaction of Ag with
the molten glass matrix.

3.2. Temperature programmed secondary ion mass
spectrometry results

Temperature programmed SIMS experiments were
performed to identify the secondary ions emitted from
the filament materials (Re and Ta) in the temperature
range (room temperature to approximately 1000 °C)
of the ion–neutral experiments, from AgNO3 or Ag2O
supported on the filament materials over the same
temperature range, and from mixtures of AgNO3 and
borosilicate supported on the filament materials over
the same temperature range. The primary purpose of
these experiments was to characterize the behavior of
Ag as the chemical environment changed in an
attempt to elucidate the chemical behavior of the Ag
present as the neat nitrate salt on the filament mate-
rials and in the borosilicate glass matrix on the
filament materials.

In the experiments involving neat AgNO3 salt on

filaments, Ag1 and NO2
1 were the only species

attributable to AgNO3. During the experiments with
Re filaments, the NO2

1 signal was exhausted by the
time the sample temperatures were raised to the
250–300 °C range. During the experiments with Ta
filaments, NO2

1 was still detectable at higher temper-
atures. This either indicates that nitrate reacts with Re
at lower temperatures, or that it reacts at a faster rate
than with Ta. No attempt was made to start these
experiments with the same amount of nitrate salt or
nitrate salt–borosilicate mixture, and we believe these
temperature-dependent observations are probably
strongly dependent on the amount of nitrate salt
present.

No attempt was made to detect the temperatures at
which the NO2

1 signal disappeared during the studies
of the AgNO3-borosilicate mixture on Re; however,
the only species attributable to the nitrate salt were
Ag1 and NO2

1. The experiments involving the ni-
trate–borosilicate mixture supported on Ta presented
a similar secondary ion spectra. Once again, we
believe that the amount of material present influences
the temperature at which the NO2

1 disappears. As
mentioned previously, the only Ag species observed
was the Ag1 ion, consistent with the concept that Ag
is not extensively complexed in the molten glass
matrix.

Last, the SIMS experiments involving the neat Re
filament material showed no secondary ions contain-
ing Re over the entire temperature range and those
with the neat Ta filament showed no Ta containing
secondary ions.

3.3. Ion/neutral mass spectrometry results

3.3.1. Silver–borosilicate containing AgNO3 on Ta
Species detected in the gas phase using EI (see

Table 1) originate at the surface as neutral molecules.
Normalized ion currents of these EI-generated ions
versus filament temperature for AgBS/AgNO3/Ta
shown in Fig. 2 are trimodal. The first mode, at
temperatures up to about 250 °C, is due to the
desorption of water. Ions ofm/z5 16 (O1), 17
(OH1), and 18 (H2O

1) had the same temperature
profile over the temperature range from 50 to about

41G.F. Kessinger et al./International Journal of Mass Spectrometry 208 (2001) 37–57



250 °C, and the relative ion abundances were consis-
tent with the fragmentation pattern for water [30].
These ions are probably due to the desorption of water
from the sample. The second mode, from about 250 to
650 °C, is due to the decomposition of the metal
nitrate to form NO2 which exhibits EI-generated ions

at m/z5 16 (O1), 30 (NO1), and 46 (NO2
1). These

ions have the same temperature dependence for the
temperature range 170–650 °C, have nearly constant
ion abundance ratios and have the fragmentation
pattern that is expected for NO2 [30]. The third mode
corresponds to the sublimation of Ag0 at high tem-
peratures. Signal due to Ag1 from thermal ionization
was not detectable from this material.

3.3.2. AgNO3 on Ta
Fig. 3 shows the EI mass spectrum for AgNO3 on

Ta as a function of temperature. The primary differ-
ence between the results shown in Figs. 2 and 3 is the
temperature at which the NO2 was observed in the gas
phase. For AgNO3/Ta the NO2 was observed at
450 °C, which is about 150 °C lower than that for the
AgBS/AgNO3/Ta (600 °C). There are a number of
factors that could account for this difference. One
possibility is that the solubility of NO2 in the glass is
great enough to retard the evaporation of NO2. Ag0

was initially observed over the AgNO3/Ta at about
820 °C; this is similar to the behavior of the AgBS/
AgNO3/Ta. The similarity between these two figures
suggests that the chemistry responsible for the pro-
duction of neutral species of the AgBS/AgNO3/Ta
system is dictated, at least in part, by the thermal
decomposition of the silver compound (i.e. AgNO3).

Table 1
Ions detected from the four samples, using electron impact ionization of sublimed or evaporated neutrals and thermal ionization or
emission of ions

Sample

Electron impact
ionization: ions
formed from neutrals

Thermal ionization or
emission: cations
from the surface

Thermal ionization or
emission: anions from
the surface

AgBS with AgNO3 on
Ta

O1, OH1, H2O
1,

NO1, NO2
1, Ag1

Na1, K1 BO2
2

AgBS with AgNO3 on
Re

O1, OH1, H2O
1,

NO1, NO2
1, Ag1,

Re1, ReO1, ReO2
1,

ReO3
1, HReO3

1,
HReO4

1, Re2O7
1

(weak)

Na1, K1, Ag1 BO2
2

AgBS with Ag on Ta O1, OH1, H2O
1,

Ag1

Na1, K1, Rb1, Cs1 BO2
2

AgBS with Ag on Re O1, OH1, H2O
1,

Ag1

Na1, K1, Rb1, Ag1

Cs1

BO2
2

Fig. 2. Ion currents for electron impact generated ions vs. the
filament temperature for the silver borosilicate with AgNO3 on Ta.
Each ion current is normalized to the same maximum intensity for
the purpose of analyzing intensity vs. temperature behavior.
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Ag1 from thermal ionization was not observed during
this analysis.

3.3.3. Silver–borosilicate containing Ag on Ta
The EI mass spectrum of the AgBS/Ag/Ta was

essentially identical to that for AgNO3/Ta and AgBS/
AgNO3/Ta except for the lack of signals attributable
to nitrate. For the AgBS/Ag/Ta, the water appears in
the gas phase at the same temperature as for the
samples with AgNO3 but disappears at a lower tem-
perature. Neutral Ag sublimed from this sampleacross
the same temperature range as was observed for the
samples with AgNO3. Signal due to Ag1 from ther-
mal ionization was not detectable from this material.

3.3.4. Silver–borosilicate containing AgNO3 on Re
The EI mass spectrum of the AgBS/AgNO3/Re

was similar to that observed for the same borosilicate
on Ta. Relative ion abundances generated by EI,
versus temperature, are plotted in Fig. 4. Water and
NO2 were observed in the gas phase and are due to the
sublimation of water and the decomposition of nitrate,

respectively, as was the case for the AgBS/AgNO3/
Ta; however, the temperature at which NO2 appeared
was lower in this case than for the Ta filament
experiments. This result suggests that Re is more
readily oxidized than Ta. Alternately, this could also
be an anomaly due to a difference in heating rates.

Another difference in the EI mass spectrum of the
AgBS/AgNO3/Re as compared to AgBS/AgNO3/Ta
was seen between 430 and 460 °C. In this temperature
range, the AgBS/AgNO3/Re produced Re™O species
in the gas phase (which are not shown in Fig. 4 since
they would increase the complexity of an already
complex figure). The dominant ions,m/z5 233 and
235 (185ReO3

1 and 187ReO3
1), are most likely EI-

induced fragments of the parent ion Re2O7
1, which

appears atm/z5 482, 484, and 486 [30,31]. It is
highly unlikely that HReO4 is the parent of ReO3

1

because formation of HReO4 by hydrolysis of Re2O7

would require the presence of water; however, the
results in Fig. 4 show only one desorption peak for
water and that the desorption of water ends at a

Fig. 3. Ion currents for electron impact generated ions vs. the
filament temperature for AgNO3 on Ta. Each ion current is
normalized to the same maximum intensity for the purpose of
analyzing intensity vs. temperature behavior.

Fig. 4. Ion currents for electron impact generated ions vs. the
filament temperature for the silver borosilicate with AgNO3 on Re
(Re containing ions are not shown). Each ion current is normalized
to the same maximum intensity for the purpose of analyzing
intensity vs. temperature behavior.
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temperature well below that at which the ions at
m/z5 233, 235, 482, 484, and 486 are detected.

At about 950 °C ions resulting from Ag0 were seen
in the EI mass spectrum. This temperature is about
100 °C higher than that which was recorded for the
detection of Ag0 (by EI) during the AgBS experi-
ments involving Ta, although it may be an artifact due
to temperature measurement error.

The emission of Ag1 from this material was
significant (there was emission of thermally ionized
Ag1 from all borosilicate materials containing Ag on
Re), and the temperature at which the emission of
thermal Ag1 from this sample was observed was
essentially the same temperature at which the EI-
generated Ag1 was observed (see Fig. 5).The pres-
ence of Ag1 from thermal ionization is the only
significant difference in the spectra from this material
on the two different filament materials. The tempera-
ture profiles of Ag1 from EI of Ag0 and Ag1 from
thermal ionization were essentially the same.

3.3.5. Silver–borosilicate containing Ag on Re
The only two species observed in the EI mass

spectrum of the AgBS/Ag/Re system were water and
Ag. Water was observed from 50 to 100 °C and Ag
appeared at about 1000 °C. When nitrate was present
in other samples it abetted the formation of rhenium
oxides, so when nitrate was not present neither the
nitrogen oxides nor the rhenium oxides were pro-
duced in measurable quantities. All samples of this
material on Re produced significant beams of Ag1, in
contrast to all of the materials on Ta which did not,
and the temperature profiles for Ag0 from EI again
were similar to that for Ag1 from thermal ionization
of AgNO3 on Re.

3.3.6. AgNO3 on Re
A plot of the EI generated ion currents versus

temperature for AgNO3/Re is presented in Fig. 6.The
EI mass spectrum for AgNO3/Re was similar to that
for AgBS/AgNO3/Re (Fig. 4). All the EI generated
ions observed from AgBS/AgNO3/Re were also ob-
served from the AgNO3/Re. The main difference
between the EI mass spectra from these two samples

Fig. 5. Ion currents for Ag1 produced by electron impact and
surface ionization, vs. the filament temperature, for the AgBS with
AgNO3 on Re. Each ion current is normalized to the same
maximum intensity for the purpose of analyzing intensity vs.
temperature behavior. These ion currents were measured on sepa-
rate samples, with different thermocouples, hence the peak maxima
are well within experimental error of each other.

Fig. 6. Ion currents for electron impact generated ions vs. the
filament temperature for the AgNO3 on Re. Each ion current is
normalized to the same maximum intensity for the purpose of
analyzing intensity vs. temperature behavior.
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was the desorption temperature of the NO2. For the
AgNO3 on Re, NO2 was observed in the gas phase at
about 200 °C compared to 340 °C for the AgBS/
AgNO3/Re. The increase in the appearance tempera-
ture of NO2

1 from the AgBS/AgNO3/Re is most likely
due to an interaction of the AgNO3 with the borosili-
cate glass, as was postulated for the AgBS/AgNO3/
Ta. The similarity between Figs. 4 and 6 implies that
the chemistry of the AgBS/AgNO3/Re is controlled
by the filament material and the silver bearing com-
pound, AgNO3 and not the borosilicate glass.

All of the silver borosilicate materials on Re
filaments produced beams of Ag1, whereas none of
the materials produced significant beams of Ag1 from
Ta filaments. In contrast, these materials on the two
different filament materials produced roughly equal
amounts of Ag0 as observed by EI. Further, the
temperature profile of Ag1 from TIMS was the same
as the temperature profile of Ag0 from EI, indicating
that the two processes are closely linked. Interest-
ingly, Ag0 volatilized with a very similar temperature
profile for both filament materials. This suggests that
the chemistry is not totally dissimilar, and that the
difference in emission of Ag1 from the materials on
Re filaments is due to some factor other than the
chemistry of Ag in glass. The most obvious conclu-
sion that can be drawn from this information is that
Ag is in the same state in all of these experiments,
namely that it is Ag0, and that because being dissolved
in the molten glass may decrease the vapor pressure of
Ag (as compared to pure Ag or AgNO3 at the same
temperature), it does not appreciably change the mode
of vaporization. In Sec. 7 we will address the reasons
for preferring the explanation that there is a significant
difference in the work function of the molten glasses
on different filament materials to account for the
differences in ionization efficiency.

4. Computational description

4.1. Chemical systems

Two types of chemical systems were considered
during the computational studies. The first repre-

sented just the molten glass on the filament, and
consisted of SiO2, B2O3 and the filament material of
interest (Tc, Ru, Rh, Pd, Ta, W, Re, Os, Ir, and Pt).
The second type of chemical system consisted of
AgNO3, SiO2, B2O3, and either Re or Ta (to represent
the filament). The amounts of the components con-
sidered were: 6.8231028 mol B2O3, 2.0031028 mol
SiO2, 9.2731029 mol of AgNO3 (for those calcula-
tions that included AgNO3), and 3.7531025 moles of
filament material. We chose this chemical composi-
tion to correlate our computational work with our
on-going experimental work involving these systems
and with the traditional application of the silica gel
method as is described in the following.

In our past studies of the Bi™B2O3™SiO2 system
[23], we used Si to B ratios of 1:6.82. This ratio was
repeated in our present Ag™B2O3™SiO2 studies, and
for the sake of consistency we decided to use this
mole ratio for our computational studies as well.
Correlation with the traditional application of the
silica gel method was more difficult because each
application of the silica gel method results in a molten
glass emitter of a unique chemical composition. In
general, however, the total sample mass (the analyte of
interest in the emission enhancing mixture) is usually in
the 10–100mg range. The amount of the analyte in the
emission enhancing mixture is also quite variable. Some
microanalyses require as few as 1010 atoms (16.6 fmol)
and others as much as micromoles of the analyte of
interest. Our choice of analyte metal amounts in the
nanomole range falls well within the normal operational
parameters for this technique. Last, our choice of the
amount of filament material was based on our estimate
of the approximate surface area of filament in contact
with the borosilicate melt during the analysis.

4.2. Computational method and approach

Primarily, two variations of the silica gel method
have been reported. In one, silica gel and H3PO4 were
used to enhance emission; in the other, H3BO3 (for
our calculations we used B2O3, the dehydrated form
of H3BO3) is used in place of phosphoric acid.
Initially, a set of preliminary calculations was per-
formed for both the P™O and B™O systems; however,
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since the thermodynamic data set for the boron oxides
is more complete, only the silica gel™B2O3 system
was addressed in detail during our present study of the
emission of Ag1 and the reactivity of the glass phase
and the filament materials.

The calculations were performed using the Facility
for the Analysis of Chemical Thermodynamics
(FACT) Gibbs free energy minimization code
EQUILIB [32], which uses the chemical composition,
pressure, temperature, ensemble of possible phases,
and thermodynamic quantities for those phases, to
deduce the phase compositions at which the free
energy is at a minimum. The algorithm used for the
computation is based on the SOLGASMIX code
developed by Eriksson [33]. A generalized descrip-
tion of code use/operation is presented in the follow-
ing.

The code is menu-driven, and queries the user for
input. The user provides the chemical composition, as
elements or chemical “compounds” (up to 24 ele-
ments), and the temperature and pressure for which
the calculation should be performed. The code pro-
vides a “list” of gaseous species, liquid phases and
solid phases (from its databases) that could be con-
sidered in the calculation and the user chooses some
or all of the species, phases and solutions supplied by
the program. The code then attempts to compute the
equilibrium phase assemblage of the system. If after
99 tries the free energy does not converge, the code
gives up and returns an “estimate” of the equilibrium
composition. When the code successfully completes
the calculation, it returns the compositions of the
gaseous, liquid and crystalline phases that are present
when the free energy is at a minimum. All of the
computational results discussed below are the results
from calculations that converged.

In the event that the desired data are not present in
the database, the user can build a user database to
supplement the standard database. For the present
work, it was necessary to input data for a variety of
chemical species into a user database. Data sets for
low-temperature liquid metal data for some of the
elements of interest were also constructed. The con-
stant pressure heat capacity (Cp) for elements and
simple binary super-cooled liquids were required for

modeling the behavior of the silica gel molten glass.
These data sets were constructed by assigning the
super-cooled liquids values ofCp equivalent to those
of the pure solid at the same temperature as the
super-cooled liquid of interest. Super-cooled liquid
metalCp’s for Tc, Ru, Rh, Pd, Ag, Re, Os, Ir, and Pt
were estimated in this way, based on the data for the
crystalline phases that were present in the FACT
database. In addition,Cp’s for Re(g) and Re2O7(g)
were taken from the HSC database [34]. The super-
cooled liquid data are needed because some of these
metals have solubilities in the molten glass at temper-
atures well below their normal melting temperatures.

The species and phases considered during each
calculation were chosen as follows. For each calcula-
tion, every possible neutral gaseous species was
selected for consideration except for the nitrate sys-
tems, for which no elemental nitrogen vapor species
were selected. The choice of neutral species only was
made because the temperatures under consideration
were not great enough for plasma formation, while the
choice of no elemental nitrogen species was made
because the vapor phases for these materials (decom-
posing nitrates) are known to include very little
elemental nitrogen species (even though N2 is a
thermodynamically favorable species under the con-
ditions used for these calculations). The decision to
include essentially all the vapor species was made for
two reasons. First, it was possible that an important
species might be neglected if “chemical intuition”
were used for gaseous species selection. Second, there
was no need to limit the size of the ensemble of
species and phases considered because the sizes of the
chemical systems under consideration were well be-
low the limitations of the code.

The liquid phase was considered as a single, ideal
solution. Consideration was given to using a more
complex approach, such as two or more liquid phases
between which the chemical species in the liquid(s)
could be partitioned. This approach was rejected,
however, because there was no chemical basis for
introducing this complexity into the calculations. The
liquid species selected for consideration included:
B2O3, SiO2, the filament material of choice and any
stable liquid species involving that element (oxides,
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borides, silicides, etc.), and Ag-containing species for
those calculations involving Ag.

The crystalline phases considered included (1) the
analyte metal of interest, if it was stable at the
temperatures of interest, (2) any analyte metal bo-
rides, silicates and oxides that were stable at the
temperatures of interest for which there were data,
and (3) the filament metal, metal oxides, borides, and
silicates, etc., that were stable at the temperatures of
interest for which there were data. Because of the
desire to address the reactivity of the glass with the
other chemical species in the systems of interest, the
crystalline phases SiO2 and B2O3 were not usually
considered. Inclusion of these phases sometimes pre-
sents a problem related to the kinetics of these
systems. Since glasses are super-cooled liquids and
are, by definition, thermodynamically metastable with
respect to the crystalline phases that are stable at
temperatures below the normal melting point of the
crystalline phases, inclusion of these crystalline
phases often depletes the glass of these species in a
way that is not consistent with the known chemistry of
these materials (molten borosilicate glasses do not
generally precipitate appreciable quantities of crystal-
line SiO2 and B2O3 at these temperatures).

5. Computational results

5.1. Chemical thermodynamics of the silver–
borosilicate-tantalum system

Calculations performed to predict the chemical
equilibria of systems involving Ag, borosilicate glass
and Ta (as a filament material) were performed at
temperatures in the range 900–1300 °C. These calcu-
lations can logically be partitioned into three sets
based on the Ag source. The amounts of reactants
considered were 2.0031028 mol SiO2, 6.8231028

mol B2O3, 3.7531025 mol Ta, and 9.2731029 mol
Ag, the latter being present in one of three forms: Ag,
AgNO3, or Ag2O. The results of these calculations are
shown in Table 2.

In all, four Ta-bearing crystalline phases, Ta,
TaB2, Ta2O5, and Ta2Si, were predicted for the
chemical systems in which silver was introduced as

Ag or Ag2O. For the system that considered silver as
AgNO3, a fifth crystalline phase, Ta2N, was also
predicted. What we see in these phases is that Ta
reacted with every element present in the chemical
system (other than Ag) to form thermodynamically
stable (with regard to the glass phase) crystalline phases.
At 900 °C, essentially all of the boron, nitrogen, oxygen,
and silicon present in the chemical system that in-
cludes AgNO3 is present in the crystalline phases (over
99.99% of the boron, even a greater percentage of the
nitrogen, 99.99% of the oxygen, and 99.82% of the
silicon), with the remainder present in the vapor phase.
As the temperature increases, this changes somewhat
because the vapor pressures of the boron- and silicon-
bearing vapor species increase, while at the same time
Ta2Si becomes thermodynamically less stable until it
disappears somewhere between 1100 and 1200 ° C.
These results clearly show that the thermodynamic
stabilities of the crystalline Ta-bearing phases are so
great that, under equilibrium conditions, they would
be expected to destroy the glass phase.

To summarize, there were numerous similarities
with these three sets of calculations. First is the
prediction that there would not be a stable glass phase
under any of the conditions considered. Second,
essentially all of the B and Si is found in the
crystalline phases TaB2 and Ta2Si at all but the
highest temperature (Ta2Si decomposes between 1200
and 1300 °C). Third, the partial pressure of Ag was
predicted to be independent of temperature and the
form in which Ag was introduced, indicating that all
the Ag was present in the vapor phase. Last, the
pressures of Ta(g), TaO(g), and TaO2(g) were invari-
ant to changes in Ag-bearing starting material (and the
oxygen content of the chemical system), at constant
temperatures of (900 and 1000 °C), suggesting these
species are in chemical equilibrium with one another
and with Ta2O5, which is predicted to be present at all
three temperatures.

5.2. Chemical thermodynamics of the
silver–borosilicate–rhenium system

Calculations performed to predict the chemical
equilibria of systems involving Ag and borosilicate

47G.F. Kessinger et al./International Journal of Mass Spectrometry 208 (2001) 37–57



T
ab

le
2

C
om

pu
ta

tio
na

lr
es

ul
ts

fo
r

si
lv

er
–

bo
ro

si
lic

at
e

gl
as

s
sy

st
em

s
w

ith
T

a
fil

am
en

t
a

F
or

m
of

A
g

co
ns

id
er

ed

T
5

9
0

0
8C

T
5

1
0

0
0

8C
T

5
1

3
0

0
8C

A
g

A
g 2

O
A

gN
O

3
A

g
A

g 2
O

A
gN

O
3

A
g

A
g 2

O
A

gN
O

3

V
ap

or
pr

es
su

re
s

(a
tm

)
A

g
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9

T
a

3.
62

3
10

2
2

8
3.

62
3

10
2

2
8

3.
62

3
10

2
2

8
1.

94
3

10
2

2
5

1.
94

3
10

2
2

5
1.

94
3

10
2

2
5

4.
30

3
10

2
2

1
2.

47
3

10
2

1
9

2.
47

3
10

2
1

9

T
aO

3.
62

3
10

2
1

8
3.

62
3

10
2

1
8

3.
62

3
10

2
1

8
4.

13
3

10
2

1
6

4.
13

3
10

2
1

6
4.

13
3

10
2

1
6

7.
56

3
10

2
1

3
1.

56
3

10
2

1
1

1.
56

3
10

2
1

1

T
aO

2
1.

36
3

10
2

1
7

1.
36

3
10

2
1

7
1.

36
3

10
2

1
7

1.
69

3
10

2
1

5
1.

69
3

10
2

1
5

1.
69

3
10

2
1

5
3.

49
3

10
2

1
3

7.
51

3
10

2
1

1
7.

51
3

10
2

1
1

O
3.

05
3

10
2

2
2

3.
05

3
10

2
2

2
3.

05
3

10
2

2
2

6.
04

3
10

2
2

0
6.

04
3

10
2

2
0

6.
04

3
10

2
2

0
2.

72
3

10
2

1
6

8.
15

3
10

2
1

5
8.

15
3

10
2

1
5

O
2

4.
83

3
10

2
2

8
4.

83
3

10
2

2
8

4.
83

3
10

2
2

8
3.

20
3

10
2

2
5

3.
20

3
10

2
2

5
3.

20
3

10
2

2
5

9.
63

3
10

2
2

1
6.

17
3

10
2

1
9

6.
17

3
10

2
1

9

B
O

6.
11

3
10

2
1

4
6.

11
3

10
2

1
4

6.
11

3
10

2
1

4
3.

50
3

10
2

1
2

3.
50

3
10

2
1

2
3.

50
3

10
2

1
2

2.
14

3
10

2
9

2.
82

3
10

2
8

2.
82

3
10

2
8

S
iO

3.
57

3
10

2
1

1
3.

57
3

10
2

1
1

3.
57

3
10

2
1

1
1.

07
3

10
2

9
1.

07
3

10
2

9
1.

07
3

10
2

9
2.

00
3

10
2

8
2.

00
3

10
2

8
2.

00
3

10
2

8

N
O

9.
89

3
10

2
2

5
4.

34
3

10
2

2
2

3.
23

3
10

2
1

6

C
ry

st
al

lin
e

ph
as

es
(m

ol
e)

T
a

3.
73

3
10

2
5

3.
73

3
10

2
5

3.
73

3
10

2
5

3.
73

3
10

2
5

3.
73

3
10

2
5

3.
73

3
10

2
5

3.
74

3
10

2
5

3.
74

3
10

2
5

3.
73

3
10

2
5

T
aB

2
6.

82
3

10
2

8
6.

82
3

10
2

8
6.

82
3

10
2

8
6.

82
3

10
2

8
6.

82
3

10
2

8
6.

82
3

10
2

8
4.

86
3

10
2

8
4.

86
3

10
2

8
4.

86
3

10
2

8

T
a 2

O
5

4.
89

3
10

2
8

4.
98

3
10

2
8

5.
45

3
10

2
8

4.
87

3
10

2
8

4.
96

3
10

2
8

5.
43

3
10

2
8

3.
71

3
10

2
8

3.
80

3
10

2
8

4.
26

3
10

2
8

T
a 2

S
i

2.
00

3
10

2
8

2.
00

3
10

2
8

2.
00

3
10

2
8

1.
89

3
10

2
8

1.
89

3
10

2
8

1.
89

3
10

2
8

0
0

0
T

a 2
N

9.
27

3
10

2
9

9.
27

3
10

2
9

9.
27

3
10

2
9

a
T

he
va

po
r

sp
ec

ie
s

an
d

cr
ys

ta
lli

ne
ph

as
es

pr
ed

ic
te

d
du

rin
g

th
e

ca
lc

ul
at

io
ns

ar
e

lis
te

d
in

th
e

fir
st

co
lu

m
n,

w
ith

th
e

qu
an

tit
ie

s
of

va
po

r
sp

ec
ie

s
be

in
g

p
ar

tia
l

pr
es

su
re

s
(in

at
m

os
ph

er
es

)
an

d
th

e
qu

an
tit

ie
s

of
cr

ys
ta

lli
ne

ph
as

es
be

in
g

nu
m

be
rs

of
m

ol
es

(t
he

re
w

er
e

no
st

ab
le

liq
ui

d
ph

as
es

pr
ed

ic
te

d
fo

r
th

e
ca

lc
ul

at
io

ns
w

ith
T

a
as

th
e

fil
am

en
tm

at
er

ia
l).

T
he

th
re

e
te

m
pe

ra
tu

re
s

at
w

hi
ch

th
e

ca
lc

ul
at

io
ns

w
er

e
pe

rf
or

m
ed

ar
e

lis
te

d
in

th
e

se
co

nd
ro

w
,

w
ith

th
e

in
iti

al
st

at
e

of
th

e
A

g
in

th
e

ca
lc

ul
at

io
n

(a
s

A
g

m
et

a
l,

A
g

2
O

,
or

A
gN

O
3
)

lis
te

d
in

th
e

th
ird

ro
w

.
B

en
ea

th
th

e
se

co
nd

ro
w

(t
em

pe
ra

tu
re

)
an

d
th

ird
ro

w
he

ad
in

gs
(t

he
fo

rm
of

A
g)

ar
e

th
e

pa
rt

ia
l

pr
es

su
re

s
an

d
nu

m
be

r
of

m
ol

es
as

so
ci

at
ed

w
ith

ea
ch

of
th

e
sp

ec
ie

s/
ph

as
es

lis
te

d
in

th
e

fir
st

co
lu

m
n.

N
o

ni
tr

og
en

-b
ea

rin
g

sp
ec

ie
s

ar
e

lis
te

d
fo

r
th

os
e

ca
lc

ul
at

io
ns

th
at

di
d

no
t

in
cl

ud
e

A
g

as
A

gN
O

3
(a

s
th

er
e

w
as

no
ni

tr
og

en
pr

es
en

t
in

th
e

ch
em

ic
al

sy
st

em
).

48 G.F. Kessinger et al./International Journal of Mass Spectrometry 208 (2001) 37–57



T
ab

le
3

C
om

pu
ta

tio
na

lr
es

ul
ts

fo
r

si
lv

er
–

bo
ro

si
lic

at
e

gl
as

s
sy

st
em

s
w

ith
R

e
fil

am
en

t
a

F
or

m
of

A
g

co
ns

id
er

ed

T
5

9
0

0
8C

T
5

1
0

0
0

8C
T

5
1

3
0

0
8C

A
g

A
g 2

O
A

gN
O

3
A

g
A

g 2
O

A
gN

O
3

A
g

A
g 2

O
A

gN
O

3

V
ap

or
pr

es
su

re
s

(a
tm

)
A

g
8.

76
3

10
2

9
8.

76
3

10
2

9
8.

76
3

10
2

9
9.

21
3

10
2

9
9.

21
3

10
2

9
9.

21
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9
9.

27
3

10
2

9

R
e

2.
86

3
10

2
2

7
2.

86
3

10
2

2
7

2.
86

3
10

2
2

7
1.

33
3

10
2

2
4

1.
33

3
10

2
2

4
1.

33
3

10
2

2
4

1.
18

3
10

2
1

8
1.

18
3

10
2

1
8

1.
18

3
10

2
1

8

R
e 2

O
7

1.
34

3
10

2
2

9
6.

61
3

10
2

1
0

2.
65

3
10

2
9

2.
07

3
10

2
2

6
6.

42
3

10
2

1
0

2.
62

3
10

2
9

4.
69

3
10

2
1

9
1.

31
3

10
2

1
8

3.
82

3
10

2
1

7

O
2.

93
3

10
2

1
7

1.
91

3
10

2
1

4
2.

32
3

10
2

1
4

2.
25

3
10

2
1

5
5.

11
3

10
2

1
3

6.
25

3
10

2
1

3
4.

04
3

10
2

1
1

4.
68

3
10

2
1

1
7.

58
3

10
2

1
1

O
2

4.
44

3
10

2
1

8
1.

88
3

10
2

1
2

2.
80

3
10

2
1

2
4.

44
3

10
2

1
6

2.
28

3
10

2
1

1
3.

41
3

10
2

1
1

1.
52

3
10

2
1

1
2.

03
3

10
2

1
1

5.
33

3
10

2
1

1

B
O

2
2.

69
3

10
2

1
3

6.
87

3
10

2
1

2
7.

59
3

10
2

1
2

1.
23

3
10

2
1

1
1.

85
3

10
2

1
0

2.
04

3
10

2
1

0
5.

41
3

10
2

8
5.

78
3

10
2

8
7.

09
3

10
2

8

S
iO

9.
40

3
10

2
1

5
1.

44
3

10
2

1
7

1.
18

3
10

2
1

7
5.

20
3

10
2

1
3

2.
30

3
10

2
1

5
1.

88
3

10
2

1
5

6.
35

3
10

2
9

5.
62

3
10

2
9

3.
82

3
10

2
9

N
O

9.
25

3
10

2
9

9.
27

3
10

2
9

9.
27

3
10

2
9

G
la

ss
m

ol
e

fr
ac

tio
n

B
2
O

3
0.

72
9

0.
72

9
0.

72
9

0.
73

0
0.

73
0

0.
73

0
0.

56
0

0.
55

1
0.

51
2

S
iO

2
0.

21
4

0.
21

4
0.

21
4

0.
21

4
0.

21
4

0.
21

4
0.

37
6

0.
38

5
0.

42
4

R
e

0.
05

2
0.

05
2

0.
05

2
0.

05
5

0.
05

5
0.

05
5

0.
06

4
0.

06
4

0.
06

4
A

g
0.

00
5

0.
00

5
0.

00
5

,
0.

00
1

,
0.

00
1

,
0.

00
1

,
0.

00
0

01
,

0.
00

0
01

,
0.

00
0

01
C

ry
st

al
lin

e
ph

as
es

(m
ol

e)
R

e
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5
3.

75
3

10
2

5

a
T

he
va

po
r

sp
ec

ie
s

an
d

cr
ys

ta
lli

ne
ph

as
es

pr
ed

ic
te

d
du

rin
g

th
e

ca
lc

ul
at

io
ns

ar
e

lis
te

d
in

th
e

fir
st

co
lu

m
n,

w
ith

th
e

qu
an

tit
ie

s
of

va
po

r
sp

ec
ie

s
be

in
g

p
ar

tia
l

pr
es

su
re

s
(in

at
m

os
ph

er
es

),
th

e
qu

an
tit

ie
s

of
th

e
sp

ec
ie

s
pr

es
en

ti
n

th
e

liq
ui

d
ph

as
e

be
in

g
th

e
m

ol
e

fr
ac

tio
n,

an
d

th
e

qu
an

tit
ie

s
of

cr
ys

ta
lli

ne
ph

as
es

be
in

g
nu

m
be

rs
of

m
ol

es
.T

he
th

re
e

te
m

pe
ra

tu
re

s
at

w
hi

ch
th

e
ca

lc
ul

at
io

ns
w

er
e

pe
rf

or
m

ed
ar

e
lis

te
d

in
th

e
se

co
nd

ro
w

,w
ith

th
e

in
iti

al
st

at
e

of
th

e
A

g
in

th
e

ca
lc

ul
at

io
n

(a
s

A
g

m
et

al
,A

g
2
O

,o
r

A
gN

O
3
)

lis
te

d
in

th
e

th
ird

ro
w

.B
en

ea
th

th
e

se
co

nd
ro

w
(t

em
pe

ra
tu

re
)

an
d

th
e

th
ird

ro
w

he
ad

in
gs

(t
he

fo
rm

of
A

g)
ar

e
th

e
pa

rt
ia

lp
re

ss
ur

es
an

d
nu

m
be

r
of

m
ol

es
as

so
ci

at
ed

w
ith

ea
ch

of
th

e
sp

ec
ie

s/
ph

as
es

lis
te

d
in

th
e

fir
st

co
lu

m
n.

N
o

ni
tr

og
en

-b
ea

rin
g

sp
ec

ie
s

ar
e

lis
te

d
fo

r
th

os
e

ca
lc

ul
at

io
ns

th
at

di
d

no
t

in
cl

ud
e

A
g

as
A

gN
O

3
(a

s
th

er
e

w
as

no
ni

tr
og

en
pr

es
en

t
in

th
e

ch
em

ic
al

sy
st

em
).

49G.F. Kessinger et al./International Journal of Mass Spectrometry 208 (2001) 37–57



glass, with Re as a filament material, were performed
at temperatures in the range 900–1300 ° C. These
calculations can logically be partitioned into three sets
based on the Ag source. For each set the amounts of
reactants considered were 2.003 1028 mol SiO2,
6.82 3 1028 mol B2O3, 3.75 3 1025 mol Re, and
9.273 1029 mol Ag, the latter being present in one of
three forms: Ag, AgNO3 or Ag2O. The results of these
calculations are shown in Table 3. There were numer-
ous similarities with these three sets of calculations.
First, the predicted pressure of Ag and the mole
fraction of Ag in the glass phase for each were
independent of the origin of the Ag at all tempera-
tures. The results predict that the solubility of Ag in
the melt decreases with increasing temperature. Ac-
companying this decrease in solubility is an increase
in the Ag pressure with temperature over this same
temperature interval. Ag is quite volatile at all tem-
peratures above its melting point, and it is expected
that it will be rapidly depleted from the molten glass
at the higher temperatures. These results are in agree-
ment with the known high temperature behavior of the
phases Ag2O and AgNO3, which decompose at tem-
peratures well below 900 °C to form Ag(s) and
gaseous species [35]. Second, at no temperature was
the presence of Ag(s) predicted, even though Ag
melts at 961 °C, which is well above 900 °C, the
lowest temperature at which calculations were per-
formed. This is no doubt due to the predicted stability
of the glass phase, which dissolves the Ag to form a
solution that is thermodynamically more stable than
the ensemble of Ag(s) and borosilicate glass.

Further evidence supporting solution stability is
the predicted chemical behavior of Re. The solubility
of Re in the glass phase also shows temperature
dependence, increasing with increasing temperature.
This behavior is expected in that these temperatures
are far below the melting temperature of Re. The Re
solubility in the glass melt shows no dependence,
however, on the chemistry of Ag, Ag2O or AgNO3; it
is predicted to be the same at each temperature
regardless of the source of the Ag. The distribution of
the remaining Re between the vapor and crystalline
phases is, however, dependent on the oxidation po-
tential of the chemical systems under consideration

because of the high volatility of crystalline Re™O
phases. At temperatures as low as 1027 °C, the most
refractory Re™O phase, ReO2, has a considerable
Re2O7 (the only Re™O vapor species expected to be
present in appreciable amounts over condensed Re™O
phases) vapor pressure of about 5.03 1023 atm. This
means that all crystalline Re™O phases are predicted
by the thermodynamics to be very volatile. An un-
known factor is the kinetics of the conversion of the
ReO2 phase to Re2O7. This conversion may be slow
enough to allow sufficient ReO2 buildup on the
surface of the molten glass to affect the surface
properties. The computational results are in agree-
ment with the known chemistry of Re. At 900 °C, the
predicted pressure of Re2O7(g) is about 1019 greater
when Ag is introduced as Ag2O than when it is
introduced as Ag. This is consistent with the experi-
mental results that showed the presence of Re oxides
in the gas phase for the Ag nitrate samples, whereas
the samples with Ag did not. This can be explained by
the nitrate oxidizing Re metal.

The form of the Ag-bearing phase also affects the
glass-forming constituents. When Ag is introduced
with oxygen, as Ag2O or AgNO3, the excess oxygen
and/or NOx species generated by the thermal reduc-
tion of Ag to the elemental state react with the B2O3

in the glass, forming BO2(g). This effect can be seen
at 900 °C, where the calculations involving Ag2O and
AgNO3 predict a BO2(g) pressure about 25 times
greater than that predicted by the calculations with
Ag.

A large unknown in all of these calculations is the
fact that there is no thermodynamic data available for
the formation of the perrhenate anion, ReO4

2. This ion
has been observed from some molten glass materials
[23] but is not accounted for in these calculations
because thermodynamic data for this species in the
glass are not available. This species might play an
important role in the formation of a Re™O species on
the surface that could account for the formation of a
high work function surface as is postulated in a later
section. Since perrhenate is ionic and the other species
are not, it is conceivable that perrhenate has a much
lower vapor pressure, and hence may build up to
significant concentrations, sufficient to have an effect
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on the work function of the surface. For example, it is
known that Ba(ReO4)2 is relatively stable in this
temperature range as is demonstrated by the fact that
ReO4

2 emitters that have operated in this temperature
range for up to 2 years have been developed [27,28].

5.3. Chemical thermodynamics of
borosilicate–filament material systems

The metals considered for this computational study
were Tc, Ru, Rh, Pd, Ta, W, Re, Os, Ir, and Pt. The
molar amounts of the three components considered,
SiO2, B2O3, and the filament metal of interest were
the same as for the calculations with Ag, 2.003 1028

mol SiO2, 6.823 1028 mol B2O3, and 3.753 1025

mol of filament metal. Calculation were performed in
the range 900–1300 °C. The predicted behaviors of
these materials fell into three groups. The first group
included only Pd, which is predicted to be exceeding
soluble in the glass. The second group included Rh
and Ta. These metals were predicted to destroy the
glass phase. The third group included Tc, Ru, W, Re,
Os, Ir, and Pt. These metals exhibited chemical
behaviors that appear to be compatible with their use
as a filament material for the silica gel method. The
most significant factor affecting the outcome of the
calculations was the ability of the filament metal to
reduce the borosilicate glass.

Of the metals considered, Pd was unique. Its
melting point, 1552 °C, is more than 200 °C less than
the next lowest melting point metal considered, Pt
(1769 °C). As was observed in the earlier calculations
involving Ag, the solubility of Pd in the melt tends to
increase, with increasing temperature, at temperatures
below its melting point. This behavior is also exhib-
ited in the predicted behavior of Pd. At 900 °C, its
mole fraction in the melt was 0.837; at 1300 °C, its
mole fraction was 0.861. At such high mole fractions
of Pd, this solution would no longer be a molten glass
solution, with small amounts of dissolved metal.
Instead it would more likely behave like a metal, with
enough solute added to it to decrease its melting point.
This “reaction” between the molten glass and the
filament would be likely to result in significant ero-
sion of the filament.

The second group of prospective filament materials
included Rh and Ta. The modeling results predict that
these two metals are likely to destroy the molten glass
by reacting with it, although the reaction products for
the two are quite different. For Rh, the computational
results at 900, 1000, 1100, and 1200 °C predicted that
there would be a stable molten glass, with mole
fractions of the Rh in the melt increasing from 0.134
at 900 °C to 0.150 at 1200 °C. At 1300 °C, it was
predicted that the molten glass would no longer be
stable. The chemical reaction that appears to destroy
the molten glass is a reaction to form RhO2(g) that
preferentially consumes B2O3 in the glass phase.

The situation for Ta is even more severe. The
computational results predict that Ta will destroy the
molten glass at all temperatures in the range 900–
1300 °C. At all temperatures, crystalline Ta, TaB2,
Ta2O5, and Ta2Si were predicted to be present. At
900 °C, 99.99% of the oxygen was predicted to be
present as Ta2O5; at 1300 °C, the percentage was
75.76%, with the remainder present in oxygen-bear-
ing vapor species. It is likely that the kinetics will be
slow enough that these reactions will not go to
thermodynamic equilibrium, but they could be a cause
of the poor ionization efficiency from Ta filaments.

The third group of prospective filament materials
included Tc, Ru, W, Re, Os, Ir, and Pt. The modeling
results suggest that these metals should perform well
as filament materials. These modeling results predict
that the high temperature equilibria of molten glass
systems that include these metals should exhibit low
metal (filament metal) vapor pressures as compared to
molten glass systems with Pd and Rh. In addition, all
of these metals except Pt (mole fraction in the glass of
0.295 at 1100 °C) have low solubilities (mole frac-
tions of 0.108 or less at 1100 °C). These low solubil-
ities are not surprising since these metals are quite
refractory, with Pt being the lowest melting of the
group (melting temperature of 1769 °C).

The results predict that there should be no stable
crystalline filament metal–oxygen phases present in
the molten glass at temperatures in the range 900–
1300 °C. The oxides of these elements are all volatile,
and other than WO3 (which melts at about 1837 °C)
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all of them have low melting or decomposition
temperatures (in the range 40–477 °C). If stable
crystalline oxide phases of the filament metals were
present, then the molten glass phase would probably
be destroyed. We were not able to predict the solu-
bilities of these oxides in the glass phase because the
thermodynamics of these oxide phases are largely
unknown at temperatures above their normal stability
ranges. When compared to the behavior of other
prospective filament materials, the pressures of the
metal oxide vapor species are predicted to be roughly
equivalent to, or lower than, those of the molten glass
systems including Pd, Rh, and Ta. The vapor pres-
sures of the oxide species from the molten glasses
containing Tc, Ru, W, Re, Os, Ir, and Pt, when
contrasted with the pressures of PdO over the chem-
ical system containing Pd, are expected to be lower
because Pd and its oxide are considerably more
volatile. As compared to the behavior of the Rh and
Ta containing molten glass systems, however, these
results might initially appear to be surprising because
Re™O, W™O, and Tc™O phases are generally thought
of as being quite volatile as compared to Ta™O
phases. This apparent discrepancy is due to the fact
that the amount of oxygen available to Rh and Ta to
form metal oxide species is considerably greater than
that available to Re, W, or Tc. Rh and Ta are strong
enough chemical reductants to destroy the borosilicate
glass and reduce species such as B2O3 and SiO2,
whereas Tc, Re, and W are not strong enough reduc-
ers to effect the same chemical reactions.

The low solubilities of these metals in the glass
phase is not surprising since these metals are quite
refractory, with Pt being the lowest melting of the
group. The modeling results predict that Pt would be
the most soluble (in the molten glass) of these metals,
with mole fractions of 0.245 and 0.338 at 900 and
1300 °C, respectively. Rhenium and W were the least
soluble in the molten glass. At 900 °C, the mole
fractions of Re and W in the molten glass were 0.052
and 0.039, respectively; at 1300 °C, their mole frac-
tions were 0.064 and 0.133, respectively. The solubil-
ities of Tc, Ru, Os, and Ir were greater than that of Re
at 900 °C, and less than that of W at 1300 °C.

6. Discussion

6.1. Decomposition of AgNO3

There were some results from the experiments
involving AgNO3 that were unexpected and difficult
to explain. Specifically, the NO2

1 ion intensity showed
two maxima, although this character was less pro-
nounced in the case of AgNO3 on Re (without
borosilicate glass). In an attempt to understand this
behavior, we looked at thermal decomposition results
from other workers who had reported using Ta con-
tainers (or did not report the container material) for
their studies of the thermal decomposition of nitrate
salts [31,36–39]. The thermal decomposition of ni-
trate salts, AgNO3 among them, has been extensively
studied at least in part because it appears that there is
not one “mechanism” that can adequately describe the
decomposition of these materials. From the thermo-
chemical modeling studies we performed, we found
that the reaction of AgNO3 with Ta is spontaneous at
temperatures as low as room temperature, which
suggests that as the temperature increases it is possi-
ble that there could have been interactions between
the crucible material (Ta) and AgNO3 during the
previously published TGA and mass spectrometric
studies performed to deduce the decomposition mech-
anism.

Although we were not able to find any precedence
for the variations in the NO2

1 intensities observed and
have no explanation for the observed phenomena, we
believe that our results show clearly that the decom-
position of the nitrate anion plays a role in the
chemistry of the molten silica gel systems. For the
experiments that employed a Re filament, abundant
Re™O vapor species were not observed unless Ag had
been introduced as the nitrate. During the Ta filament
experiments, there was no mass spectrometric evi-
dence of reaction of the filament with the nitrate
because of the low vapor pressures of the Ta™O
phases at these low temperatures; however, in our
earlier studies of the bismuth–borosilicate system
there were marked differences in the behavior of the
samples supported on Ta and Re filaments [23].

An obvious conclusion from these studies is that
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the decomposition of AgNO3 can be influenced by the
container material. The reactivity of AgNO3 at the
decomposition temperature is such that most, if not
all, metallic container materials will react with the
AgNO3. This helps to explain the diversity of results
of AgNO3 decomposition in the literature. It is con-
ceivable that the decomposition temperature of
AgNO3 is a function of the container material. If a
truly inert metallic container does not exist, and our
data suggests that this may be the case, then the
decomposition temperature can only be described in
association with a specific container material. This is
particularly true when dealing with thin coatings of
AgNO3 on a filament. It is likely that a refractory
oxide container would be more inert than a metallic
one, since the molten glass is an oxide itself.

6.2. Formation and emission of thermal ions from
molten borosilicate solutions

Based on the experimental results and the chemical
thermodynamics of the Ag, Ag™O, and Ag™N™O
borosilicate systems, it appears that the hypothesis
that the silica gel method is dependent solely on the
emission of pre-formed ions present in the molten
borosilicate glass is implausible. Both Ag2O(s) and
AgNO3(s) decompose at quite low temperatures, pro-
ducing Ag metal and vapor species. In addition, both
the experimental results and the computational results
support the concept that Ag0 is stable both in the
molten borosilicate matrix at elevated temperatures
and when the pure materials are heated. Experimen-
tally, Ag1 emission from these borosilicate glasses
occurred over a temperature range indistinguishable
from the temperature range over which the Ag0

volatilized (within our ability to measure sample
temperatures). At these temperatures, only the zero
oxidation state for Ag seems likely. These facts lead
to a hypothesis quite different from the pre-formed
ion hypothesis. Instead, these data support the concept
that Ag is first dissolved in the molten glass as
individual atoms. The Ag then evaporates from the
molten glass solution as a mixture of neutrals and
ions, with the majority of the ions being formed at the
glass–vapor interface and not within the glass or at the

glass–filament interface. Lastly, we believe the work
function of the molten glass surface plays a significant
role in ion formation and emission. In support of this
hypothesis we present the following evidence.

During the present studies involving silver–boro-
silicate, Ag ions were detected in both the EI and
TIMS operational modes. Because the voltages for the
ion optics of the ion–neutral instrument for both
operating modes discriminate against ions produced
by the other mode, these results unequivocally sup-
port the hypothesis that both neutrals and ions are
emitted from the molten borosilicate glass. Further,
there is a significant overlap between the temperature
profiles for the emission of Ag0 and Ag1, demonstrat-
ing that the two species are volatilizing at essentially
the same temperature. However, while the volatiliza-
tion rate of Ag0 is approximately equal for all of the
materials tested on both Re and Ta filaments, the
emission of Ag1 by TIMS was orders of magnitude
greater from the materials on Re filaments. This
demonstrates that there is something unique about the
glass melted on the Re filament that greatly enhances
ion formation. In addition, the temperature profiles of
both Ag0 and Ag1 from all materials was the same
within experimental error (with respect to the temper-
atures at which the species appeared), giving a strong
indication that these two species might be volatilizing
by the same process, but that some are being ionized
while some are neutrals. The question is, “what
determines the ratio of ions to neutrals?”

Results from past work in our laboratory [23]
showed that Bi1 and ReO4

2 ions are emitted directly
from the surface of the borosilicate glass, not from the
filament nor the filament glass interface and that this
is the predominant mode of ion emission from the
molten glass emitters. We hypothesize that the work
function of the surface is modified by the presence of
the dissolved Re, which is oxidized either in the melt
or at the glass-vapor interface, forming ReO2, ReO3,
ReO4

2, or some other Re™O species, thus increasing
the work function of the surface of the glass and
enhancing the formation of thermal ions. Although
the neutral Re™O species are quite volatile at operat-
ing temperature, it has been previously demonstrated
that various perrhenate salts, such as the barium salt,
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have only modest volatility at these temperatures.
Thus, this hypothesis is based, at least in part, on the
belief that the glass surface alone probably does not
have a work function great enough to result in the
observed ion emission. The work functions of SiO2

and B2O3 are both near 5 eV [40] at the temperatures
attained during the silica gel process, whereas the
work function of Re oxides is reported to be as high
as 7.2 eV for a heated, oxidized Re surface (in the
range 1000–1200 K) under an oxygen partial pressure
range of 1–53 1025 Torr [41]. Even at temperatures
as high as 1500 K the work function was still greater
than 6.5 eV. Such a high work function would result
in the formation of considerably more ions than a
clean Re metal surface with a work function of about
5.0 eV.

The Saha-Langmuir equation:

n1

n0
5

g1

g0

~1 2 r1!

~1 2 r0!
exp

~f 2 IP

RT
(1)

wheref is the work function of a surface at which
ionization is occurring, IP is the ionization potential
of the ions formed,g1 and g0 are the respective
statistical weights for the ion and its related neutral
vapor species,r1 and r0 are the respective reflection
coefficients for the ion and neutral species, R is the
gas constant,T is the absolute temperature, andn1/n0

is the emission ratio of positive ions and neutral
species from the surface, was developed assuming
conditions somewhat different than those present on
these molten glass surfaces; however, there are some
similarities. For example, both in the assumptions
upon which the Saha-Langmuir equation is based, and
for the molten glass ion emitters, the vapor species
volatilize as a mixture of atoms and neutrals. We
believe that in both cases the ratio of ions to neutrals
will be influenced by the ionization potential of the
volatilizing atoms (since this is a measure of the
energy required to strip an electron from a volatilizing
atom) and by the work function of the surface (since
this is a measure of the ability of a surface to strip an
electron from a volatilizing atom).

An additional piece of evidence suggesting that the
Saha-Langmuir theory might be applicable are the

results of Scheer and Fine, which demonstrate that the
self-surface ionization of positive and negative ions
from W and Re filaments is described quite well by
the Saha-Langmuir theory [42]. Self-surface ioniza-
tion is similar to the proposed ion formation mecha-
nism since it involves volatilization of atoms from a
surface as a mix of neutrals and ions. In the ensuing
discussion we will attempt to test the applicability of
this theory to the processes associated with the emis-
sion of ions and neutrals from molten glass surfaces.

For species volatilizing from the surface, the re-
flection coefficients are zero, since these are for gases
reflecting from the surface without making thermal
contact. Then we can estimate the Ag1/Ag0 ratio
emitted from the molten glass surface if it had a work
function equivalent to that of an oxidized Re surface.
Assuming thatg1/g0 5 1, r1 5 r0 5 0, f 5 7.20
eV, IP 5 7.57 eV andT 51000 K, the Saha-Lang-
muir theory predicts that the ratio of singly charged
ions to neutrals emitted from the surface to be 0.0136.
This prediction of an ion formation efficiency of
greater than 1% is sufficient to explain the success of
the silica gel method as an ion formation medium.
Values off measured for a clean Re surface or of a
SiO2 or B2O3 surface have typically been about 5 eV.
When this value forf is used in the equation, the ratio
is about 1.113 10213. The reason for this large shift
in the ratio of ions to neutrals is a consequence of the
fact that the difference between IP andf is in the
exponential term of Eq. (1). In addition, the solubility
of Re in the melt suggests that some Re™O species
may be present at the glass–vapor interface, which is
the same surface from which the thermal ions are
emitted.

7. Conclusions

Based on past work performed in our laboratory
[23], and on the experimental and modeling results
presented in this article, we can draw some conclu-
sions about how the choice of filament material
impacts the ion emission process. In our past work,
which involved the bismuth–borosilicate system with
Ta and Re as filament materials, the ion intensity
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measurements for Bi1(g) were up to 100 times lower
for melts supported on the Ta filament as compared to
those on Re. Our present computational results predict
that Ta reacts extensively with the borosilicate glass.
We hypothesize that this reactivity is manifested in
two ways. First, Ta can react with both SiO2 and
B2O3; the thermodynamically favored reaction is the
one with B2O3. As the crystalline Ta reacts with B2O3

in the glass, it changes the glass composition. Instead
of a B2O3/SiO2 of approximately 3.5, as was the
initial ratio in both our past and our present experi-
mental studies, the ratio would be expected to be
much lower. Such a change in the composition of the
glass could have a dramatic effect, possibly impacting
the solubility of analyte metal (Bi or Ag) in the glass
and/or altering the mechanism by which ions are
formed. In addition, depletion of B2O3 would result in
a higher-melting, more viscous, glass which could
reduce the diffusion rates of the analyte species (Bi or
Ag) to the glass–vapor interface from which they
evaporate. Second, as Ta2O5, Ta2Si, and TaB2 are
formed, their impact on the behavior of the glass is
unknown, but not likely to be beneficial. Although our
equilibrium modeling suggests that the Ta filament
would completely destroy the glass solution, consum-
ing both the B2O3 and SiO2, it is likely that these
chemical systems are slow to attain equilibrium. Such
a situation is in agreement with our past results [23],
in which we detected Ta in the residues of bismuth–
borosilicate melts, none of which were completely
destroyed by reaction with the Ta metal. It is not
possible to predict how a change in glass composition
would impact ion formation, but the experimental
evidence suggests that degrading the glass greatly
decreases ion formation efficiency, even though the
neutral Ag species appears to volatilize in roughly the
same fashion from all of the materials tested.

It is hypothesized that the molten borosilicate glass
has four important roles to play in this process. First,
it acts as a solvent for the analytes, Re and the oxides
of Re. Second, it provides the oxygen necessary to
oxidize Re, particularly when excess oxygen in the
form of nitrate is present. The thermodynamic calcu-
lations cannot predict whether Re is oxidized before
or after it is dissolved in the molten glass, and we

suspect that it may proceed along both paths. Third,
the dissolved Re™O species provide a high work
function surface that greatly enhances ion formation
efficiency. Fourth, the metallic Re may help to reduce
some elements to the zero oxidation state, although in
the case of Ag that apparently is not a factor since the
Ag compounds probably reduce spontaneously at
modest temperatures even in the molten oxide matrix.
The metallic atoms in the molten glass then volatilize
with a certain percentage being stripped of an electron
by the attraction of the surface for an electron as
measured by the work function. When the value of the
work function approaches the ionization potential of
the volatilizing atom, the ionization efficiency is
favorable, whereas it is highly unfavorable when the
difference approaches 2 eV. The Saha-Langmuir the-
ory may or may not be a reasonable absolute repre-
sentation of this process, but in any event the general
features of the theory are consistent with the experi-
mental results, in particular the ionization efficiency
increasing exponentially as the work function of the
surface approaches the ionization potential of the
analyte.

One piece of information that would complement
this study is the measurement of the work function of
these molten glass surfaces. The results of such
measurements could be used to confirm the hypothe-
sis that the Re oxide species in the molten glass
enhances the work function that in turn enhances ion
formation efficiency. Unfortunately, we do not have
access to an apparatus to perform these measure-
ments.

These studies were limited to the ion formation
process of Ag1 from molten glass ion emitters, and
the question then arises as to applicability of the
proposed mechanism to the many other elements that
are analyzed by various silica gel methods. It is
possible that elements such as Bi, Cd, and Pb are also
reduced to the zero oxidation state in molten glasses
and produce ions by the same or a similar mechanism
as with Ag. However, there are several elements that
are analyzed by variations of these methods that are
not readily reduced to the zero oxidation state. These
elements may share some of these characteristics,
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such as some chemical species of the element being
dissolved in the molten glass, and the surface having
an enhanced work function due to the presence of Re
oxides on the surface. For example, it is improbable
that the alkaline earth elements are reduced to the zero
oxidation state, and these elements are analyzed by
variations of the silica gel technique. Ion formation
methods of this type require independent study.

The picture that emerges from these studies is that
there is a delicate balance between the oxidative/
reductive properties of the molten glass and the
reactivity of the filament material. The glass cannot
react too readily with the filament material or the glass
phase will be destroyed; yet it has to be sufficiently
reactive to allow the Re™O species to be formed on
the surface to increase the work function to the point
where there is efficient ion formation. However, the
fact that Ag1 was efficiently formed in the molten
glass in which there were few or no Re™O species
detected in the EI mode suggests that only a minimal
amount of the Re™O phase needs to be produced to
promote efficient ion formation.

Last, we believe our mass spectral and thermo-
chemical modeling results indicate that some of the
theories associated with the decomposition of nitrate
salts (especially AgNO3) presently held might need to
be revisited, especially those based on experiments
that employed Ta containers for the nitrate salts. In
fact, it may be that the decomposition of AgNO3 can
only be studied as a function of the container material,
and that past studies need to be categorized as to the
container used in the decomposition testing. Our past
experimental results [23] indicated that, at high tem-
peratures, the choice of support material for molten
glasses has an impact on the evolution of vapor
species, and our thermochemical modeling results
show that Ta, in the presence of oxygen-bearing
species at high temperatures, can be oxidized by metal
nitrates at temperatures as low as a few hundred
degrees Celsius, which could result in the accelerated
decomposition of these materials as compared to the
decomposition rates when the materials are in contact
with a more nearly inert container material (such as
alumina).
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