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Abstract

A small amount (# 1026 mol fraction) of four alkaline earth metals, tin and yttrium were introduced into five, premixed,
fuel-rich, H2–O2–N2 flames at atmospheric pressure in the temperature range 1820–2400 K. Aqueous salt solutions of the
metals were sprayed into the premixed flame gas as an aerosol using an atomizer technique. Ions in a flame were observed by
sampling flame gas through a nozzle into a mass spectrometer. The concentrations of the major neutral metallic species present
in the flame were calculated from thermodynamic data currently available. The principal metallic ions observed were AOH1

(A 5 Mg, Ca, Sr, Ba, Sn) and A(OH)2
1 (A 5 Y), formed initially by proton transfer to AO and OAOH from H3O

1, a natural
flame ion. Except for Mg, the ions were also produced by chemi-ionization processes. By adjusting the concentration(s) of the
salt solution in the atomizer, it was found that a pair of ions could be brought into equilibrium within the time scale of the flame;
the pairs included H3O

1 with a metal ion or two metallic ions. Because water is a major product of combustion, a very large
difference in proton affinity PA0(AO) 2 PA0(H2O) # 490 kJ mol21 (117 kcal mol21) could be attempted for the proton
transfer equilibrium. Using PA0(H2O) 5 691.0 kJ mol21 (165.2 kcal mol21) as a reference base to anchor the proton affinity
scale, ion ratio measurements led to proton affinity PA0 values of 766, 912, 1004, 1184, 1201, and 1222 kJ mol21 (183, 218,
240, 283, 287, and 292 kcal mol21) corrected to 298 K for OYOH, SnO, MgO, CaO, SrO, and BaO, respectively; of these,
only the value for OYOH has not been reported previously. If it is assumed that the neutral thermodynamic data are correct
(although some appear to be in error), the uncertainties in the PA results reported here are6 21 kJ mol21 (5 kcal mol21). The
realization that these equilibria can be achieved in flames provides a new approach to consolidate and build the high end of
the proton affinity ladder, primarily of metallic species which are not accessible at lower temperatures. (Int J Mass Spectrom
181 (1998) 181–199) © 1998 Elsevier Science B.V.
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1. Introduction

A large number of proton affinities (PA) of atoms
and molecules have been measured in the gas phase.

A compilation is available on the internet at the NIST
Chemistry WebBook site [1] as an outgrowth of the
earlier tables by Lias et al. [2]. In general, the PAs for
different types of compounds are accessible in differ-
ent temperature ranges using a variety of measure-
ment techniques. A great many PAs of organic mol-
ecules have been determined near room temperature* Corresponding author. E-mail: goodings@turing.sci.yorku.ca
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with ion cyclotron resonance (ICR) spectrometers and
flowing afterglow methods (FA; e.g. selected ion flow
tube, SIFT). Recently, two versions of a high-temper-
ature flowing afterglow apparatus have been de-
scribed, one of stainless steel construction for the
range 300–1300 K and also a ceramic one covering
300–1600 K [3]. High pressure mass spectrometry
(HPMS) has been employed in the range 300–900 K
for organic compounds, but also by Kebarle and his
co-workers [4,5] for protonated alkali metal hydrox-
ides AOH2

1 where PA0(AOH) is derived from the
hydration energy of the equivalent A1

z H2O ion. At
higher temperatures in the approximate range 1500–
2000 K, Murad used a Knudsen cell coupled to a mass
spectrometer to measure appearance potentials of
gaseous metallic ions from which the PAs of FeO [6],
MgO, CaO, SrO, and BaO [7,8] can be derived.
Inevitably, the associated errors are rather large be-
cause appearance potentials are typically measured
to 6 0.2 eV (6 19 kJ mol21 or 6 4.6 kcal mol21).
Discrepancies are apparent in some of these data.
Murad’s values for PA0(AO) listed in the NIST
compilation [1] show an increasing trend for Ca, Sr,
and Ba, whereas the opposite trend is obtained from
standard heats of formation for AO and AOH1 given
in the JANAF Tables [9].

Even higher temperatures in the range 1800–2600
K are available when a flame is used as an ion source
for a flame-ion mass spectrometer (FIMS). A recent
example is the measurement of PA0(CuOH) from the
hydration energy for Cuz

1 H2O by Butler and Hayhurst
[10]. Earlier, Jensen [11] measuredDHf

0(SnOH1)
from which PA0(SnO) can be obtained using addi-
tional data [12]. It is noteworthy, although perhaps not
surprising, that the PAs of metallic compounds, pri-
marily oxides and possibly hydroxides also, occur at
the high end of the proton affinity ladder above about
840 kJ mol21 (; 200 kcal mol21).

The present work involves a new approach to study
the high end of the proton affinity ladder involving
metallic compounds in flames. When a pair of metals
is introduced into a series of flames in the temperature
range 1820–2400 K, in most cases the metals will
ionize to some extent. The metallic ions can usually
be brought into chemical equilibrium within the time

scale of a flame’s burnt-gas region by judicious
adjustment of the concentrations. IfKeq is the equi-
librium constant of an equilibrated proton transfer
reaction, the slope of a van’t Hoff plot of lnKeqversus
inverse temperature yields the difference in PA of the
two metallic neutral species. The measurement in-
volves only an ion signal ratio, not absolute ion
concentrations. However, the composition of the me-
tallic neutrals must be known at the flame tempera-
tures. Results are presented for a number of pairs of
metals which include the alkaline earths, tin and
yttrium. In a few cases, a metallic ion can be equili-
brated with H3O

1, a natural flame ion, to anchor the
PA ladder to PA0(H2O) 5 691.0 kJ mol21 (165.2
kcal mol21) [1].

2. Experiment

Five, premixed, laminar, flat, H2–O2–N2 flames at
atmospheric pressure of fuel-rich composition (equiv-
alence ratiof 5 1.5) in the temperature range 1820–
2400 K were employed for this work. Their properties
including the calculated compositions of the equilib-
rium burnt gas based on the JANAF Tables [9] are
listed in Table 1. The concentrations of free radicals
overshoot their equilibrium values in the reaction
zone of each flame and then decay downstream
towards equilibrium in the burnt gas; the effect is
greater the cooler the flame. The degree of overshoot
is specified by Sugden’s disequilibrium parameterg

[13] defined as the ratio of the actual concentration of
a species at any point in the flame to its equilibrium
concentration in the burnt gas. For fuel-rich flames,
where [H2O] and [H2] are constant in the burnt gas,
gH 5 gOH [ g whereasgO 5 g2. For the five flames
in Table 1, Butler and Hayhurst [10] have measuredg

as a function of distancez along the flame axis. Even
at z 5 30 mm downstream in flames 3, 4, and 5,g Þ
1. All five fuel-rich flames are cylindrical in shape
with plug flow. They have a diameter of about 12 mm,
and are stabilized on a water-cooled brass burner
previously described [14].

Metals were introduced into the flames by spraying
an aqueous solution into the premixed flame gas as an
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aerosol derived from an atomizer described previ-
ously [15], operated by a flow of 16.2 cm3 s21 of the
diluent nitrogen gas. Spraying a 0.1 M solution
introduced 9.53 1027 mol fraction of total metal
into a premixed flow of 250 cm3 s21. The atomizer
calibration departs from linearity when the total solu-
tion concentration exceeds approximately 0.15 M. A
solution of two metallic salts provides a known
concentration ratio of the metals in a flame. A
convenient way to change the concentration ratio in
the mixed solution was to set up two burettes, each
one containing a fairly concentrated solution of a
metallic salt. Aliquots drawn from each diluted with
distilled water provided a wide range of concentra-
tions and their ratios. The salts used to make up the
solutions were acetates or chlorides of stated purity:
MgAc2z4H2O (. 98%) or MgCl2z6H2O (99.99%);
CaAc2zH2O (Fisher Certified); SrAc2z

1
2
H2O (. 98%);

BaCl2z2H2O (. 99%); SnCl4z5H2O (. 98%); and
YCl3z6H2O (99.9%). Some of these salts contain
traces of potassium yielding a relatively large and
undesirable K1 signal in the ion spectrum; e.g. for
magnesium, K1 from the high-purity chloride was
much higher than the signal from the acetate of much
lower purity so that the latter was employed.

The burner is mounted horizontally on a motorized
carriage with calibrated drive coupled to theX axis of
anXY recorder. The flame axisz is accurately aligned
with the sampling nozzle of the mass spectrometer.

Two types of conical sampling nozzles [14] were
employed in these studies: those having a tiny elec-
tron microscope lens of Pt/Ir alloy swaged into the tip
of a stainless steel cone, with orifice diameters of
0.104, 0.170, and 0.202 mm; and one in the form of a
60°, sharp-edged, electroformed, nickel cone with an
orifice diameter of 0.181 mm at the tip. The latter type
have a smaller thermal boundary layer such that the
formation of ion hydrates as a result of cooling during
sampling is minimized. This consideration can be
important when two metals are sprayed if the mass
numbers of their parent and hydrate ion signals
overlap. The whole apparatus including the mass
spectrometer has already been described in detail [14]
so that only a brief outline will be given here. Flame
gas including ions is sampled into a first vacuum
chamber maintained at 0.04 Pa (33 1024 Torr). The
ions are formed into a beam by an electrostatic lens,
pass through a 3 mmorifice in a nose cone into a
second vacuum chamber maintained below 0.003 Pa
(, 2 3 1025 Torr), are conditioned by a second ion
lens for analysis by a quadrupole mass filter, collected
by a parallel-plate Faraday detector, and measured by
a sensitive electrometer coupled to theY axis of the
XY recorder. Ion signal magnitudes measured in the
figures below as a voltage (in mV) refer to the
collected ion current passing through a grid-leak
resistor of 1010 V. By driving a flame towards the
sampling nozzle, the profile of an individual ion

Table 1
Properties of the hydrogen-oxygen-nitrogen flames

Flame number/property 2 25 3 4 5

Equivalence ratiof 1.5 1.5 1.5 1.5 1.5
H2/O2/N2 2.74/1/2.95 3.0/1/3.5 3.18/1/4.07 3.09/1/4.74 1.5/1/3.55
Total unburnt gas flow (cm3 s21) 300 250 250 200 150
Measured flame temperature (K) 2400 2230 2080 1980 1820
Rise velocity in burnt gas (m s21) 19.8 18.6 15.6 11.4 8.4
Equilibrium burnt gas composition

(mole fractions)
H2O 0.3460 0.3063 0.2754 0.2553 0.2249
H2 0.1286 0.1527 0.1622 0.1390 0.1259
O2 0.000 105 7 0.000 007 90 0.000 000 72 0.000 000 18 0.000 000 01
H 0.006 019 0.002 650 0.001 077 0.000 500 8 0.000 141 5
OH 0.003 084 0.000 795 1 0.000 213 0 0.000 088 90 0.000 017 54
O 0.000 094 69 0.000 009 35 0.000 000 99 0.000 000 23 0.000 000 01
N2 0.5157 0.5375 0.5610 0.6052 0.6490
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signal versus distance along the flame axisz can be
obtained. Experimentally,z 5 0 is defined where the
pressure abruptly rises when the sampling nozzle
pokes through the flame reaction zone into the cooler
unburnt gas upstream. The pressure is measured with
an ionization gauge mounted on the second vacuum
chamber. As an alternative to individual ions, total
positive ion (TPI) profiles can be measured by switch-
ing off the dc voltages to the quadrupole rods. Still
with the dc voltages switched off and the spectrome-
ter’s mass dial set to a given mass number, all of the
ions above that mass are collected; e.g. TPI12 desig-
nates all of the positive ions (because no measurable
flame ion signal exists below 12 u).

3. Comparison of experimental methods

In recent years, extensive experimental efforts
[2,16] have been directed towards obtaining scales of
proton affinities PA and gas-phase basicities GB, i.e.
the enthalpyDH0 and free energyDG0 changes,
respectively, for reactions

XH1^ X 1 H1 (1)

where X is a base compound, i.e. a proton acceptor.
Generally speaking, there are five principal experi-
mental methods mentioned in the introduction includ-
ing FA (SIFT), HPMS, FIMS, ICR, and Knudsen cell
mass spectrometry (KCMS) for obtaining the quanti-
tative data required for setting up such PA scales. The
first three methods involve measuring the equilibrium
constantKeq for proton transfer reactions of the type

XH1 1 B^ X 1 BH1 (2)

Keq 5 [X][BH 1]/[B][XH 1] (3)

where isotopic corrections must be made if only the
principal isotope is measured.

For the conventional FA and SIFT experiments,
Keq is measured at a single temperatureT leading to
the usual expression forDG0 5 2 RT ln Keq 5
DH0 2 TDS0. The enthalpy changes required for the
PA scales can then be obtained fromDG0 values by
estimating a value forDS0. The method has the

disadvantage thatDS0 is not always easy to estimate.
For temperature-variable FA, HPMS, and FIMS,Keq

is measured at a series of temperatures. A linear van’t
Hoff plot of ln Keq against 1/T from ln Keq 5 2
DH0/RT 1 DS0/R then directly yieldsDH0 from the
slope andDS0 from the intercept under the assump-
tions thatDH0 andDS0 are constant over the exper-
imental temperature range (second law treatment).
These three methods have major advantages for min-
imizing errors because random errors inKeq and T
will tend to cancel in a linear fit to the data, andDS0

need no longer be estimated. However, systematic
errors inKeq may still arise. For example, if the two
ion signals XH1 and BH1 are subject to mass
discrimination, an incorrect valueK9eq 5 Keq 3 f is
obtained, wheref is a constant factor which is
independent of temperature. The slope of the van’t
Hoff plot will still give the correct value ofDH0

although the intercept will beDS0/R 1 ln f. The
above equilibrium measurements only yield relative
values of PA becauseDH2

0 5 PA0(X) 2 PA0(B). To
assign an absolute PA value for B, it must be
anchored to X, a standard reference base whose value
is known.

For certain species where equilibrium constants of
proton transfer reactions are difficult or impossible to
measure, ICR methods may be used to estimate PA
values [17]. In this approach, XH1 is reacted with a
series of bases. If the PA of X lies between those of
bases B1 and B2, reaction (2) occurs for B1 but not for
B2. Such a “bracketing” technique is less reliable than
other methods because numerous complications can
arise [2].

Another method which does not involve measuring
Keq for proton transfer reactions is KCMS [6–8]. In
this approach, the dissociation energyD0(X 2 H)
and the ionization energy IE0(XH) of XH are mea-
sured mass spectrometrically by passing hydrogen
over ultra-pure X in a Knudsen cell. Then PA0(X) 5
D0(X 2 H1) can be derived from the measurements.
In these studies, X was generally a metallic oxide AO.
One advantage of KCMS, and of ICR also, is that the
neutral concentrations of X and/or B need not be
known.

At low temperatures, conventional FA, SIFT, ICR,
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and HPMS methods are mainly suitable for organic
compounds which cover the low end of the PA ladder.
For metallic compounds which do not decompose at
high temperatures, KCMS and FIMS are preferred
techniques although the PA values measured at cell
and flame temperatures have to be corrected to 298 K.
Organic compounds will break up or decompose at
the operating temperatures of Knudsen cells and
flames.

Compared to other methods, FIMS has some dis-
tinct advantages for the study of metallic compounds
which occupy the high end of the PA ladder. In the
results reported here, one important feature is thatKeq

has been measured in five flames over a temperature
range spanning nearly 600 K, larger than that of the
usual HPMS experiments (, 300 K). Also, the
requirement for high sample purity is less stringent
than for KCMS. Using the atomizer technique, virtu-
ally any metal can be introduced into the flame for
which an aqueous salt solution can be prepared.
Water, which is a major product of the flame’s
combustion reaction, can often act as the anchoring
reference base. The major drawback of FIMS is that
the neutral concentrations [X] and [B] must be
known, e.g. they are often calculated from data
available in the JANAF Tables [9]. The neutral
concentrations are not measured by the FIMS exper-
iment because the flame is the only ion source. In
some cases, there are significant discrepancies
amongst different thermodynamic values in the liter-
ature. Obviously, the present results will be affected if
the thermodynamic data, e.g. in the JANAF Tables
[9], are wrong.

4. Composition of metallic neutral species in
flames

The alkaline earth metals Mg, Ca, Sr, and Ba may
be present in these flames as the neutral species A,
AO, AOH, and A(OH)2. For tin Sn, the major species
are A and AO, whereas for yttrium Y they are AO and
OAOH. When a sample from the atomizer is introduced
into the flame, initially all of the metal is present as

atomic A; then, the monohydroxide may form by the fast
balanced reaction (denoted by5 sign)

A 1 H2O 5 AOH 1 H (4)

Additional fast balanced reactions can then produce
the dihydroxide and also the oxide

AOH 1 H2O 5 A(OH)2 1 H (5)

A 1 H2O 5 AO 1 H2 (6)

For yttrium, where the oxide–hydroxide as well as the
oxide is present

AO 1 H2O 5 OAOH 1 H (7)

The relative equilibrium concentrations of the
neutral metallic species have been calculated using
data from the JANAF Tables [9], and are given in
Table 2 for all five flames; the metallic ions constitute
only a negligible fraction of the total metal present.
Because reactions (4), (5), and (7) involve the radical
H, the relative concentrations of the metallic species
depend on the disequilibrium parameterg and vary in
the burnt gas whereverg varies; equations for theg
dependence have been given by Hayhurst and Kittel-
son [18]. As an example, calculated profiles of the
four barium neutral species along the axis of flame 2
are given in Fig. 1. It has been assumed that all of the
barium is initially present upstream as atomic Ba after
dissociation of the chloride salt early in the reaction
zone. For this flame at 2400 K,g decreases and
reaches unity atz ' 7 mm downstream. Further
downstream, the four neutral concentrations maintain
their constant equilibrium values. In contrast, similar
plots for the four neutral species in flames at lower
temperatures (3–5, not shown) do not achieve their
constant equilibrium values within the first 30 mm of
the burnt gas becauseg continues to decay throughout
the whole region.

The enthalpies of formation of some metallic
neutral compounds have been determined by a num-
ber of authors [9]. However, various mass-spectro-
metric and optical techniques employed such as flame
ionization, crossed-beam reaction methods, laser-in-
duced fluorescence, flame spectrophotometry, etc.
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yield conflicting results. There are significant discrep-
ancies in the neutral thermodynamic data taken from
different literature sources, even for diatomic mole-
cules [9,19–21]. They will affect the present results
because a large uncertainty must be included to
encompass the range of measured values. A compar-
ison of data available for the alkaline earth metals is
given in Table 3. The discrepancies for MgO and
MgOH are particularly large. We have recently stud-
ied magnesium in some detail, both theoretically and
experimentally, and the results will be presented in a
later paper to follow very soon [22]. High-level ab

initio calculations resulting in standard enthalpies of
formation were carried out for eight magnesium
species including ions. Our recommended values
include DHf,298

0 (MgO) 5 149.46 12.6 and
DHf,298

0 (MgOH) 5 2 106.36 12.6 kJ mol21. They
are in best agreement with the values by Operti et al.
[20] of 150.66 20.9 for MgO and2 92.16 33.5 kJ
mol21 for MgOH. The use of our recommended
values would considerably change the neutral composi-
tion of the magnesium species in the flames. Because the
justification of these new data has not been published,
only values from the JANAF Tables [9] have been

Table 2
Percentage of metallic compounds at equilibrium in all five flames (g 5 1)a

Element/% [A] [AO] [A(OH)] [A(OH)2] [OAOH]

Flame 2
Ba 0.087 29.302 6.461 64.150 . . .

Sr 1.752 1.323 20.163 76.762 . . .

Ca 1.649 0.127 16.723 81.501 . . .

Mg 61.618 1.388 20.076 16.918 . . .

Sn 2.854 97.146 0 0 . . .

Y . . . 16.86 . . . . . . 83.14
Flame 25

Ba 0.049 15.341 5.599 79.011 . . .

Sr 1.053 0.434 15.855 82.658 . . .

Ca 0.881 0.031 11.796 87.292 . . .

Mg 56.259 0.473 19.315 23.953 . . .

Sn 3.131 96.869 0 0 . . .

Y . . . 10.84 . . . . . . 89.16
Flame 3

Ba 0.021 6.903 4.033 89.043 . . .

Sr 0.520 0.133 11.224 88.123 . . .

Ca 0.384 0.007 7.443 92.166 . . .

Mg 45.609 0.161 18.016 36.214 . . .

Sn 3.037 96.963 0 0 . . .

Y . . . 9.07 . . . . . . 90.93
Flame 4

Ba 0.009 3.687 2.748 93.556 . . .

Sr 0.251 0.055 7.806 91.888 . . .

Ca 0.168 0.002 4.734 95.096 . . .

Mg 33.075 0.075 15.977 50.873 . . .

Sn 2.440 97.560 0 0 . . .

Y . . . 7.15 . . . . . . 92.85
Flame 5

Ba 0.001 0.669 0.467 98.863 . . .

Sr 0.080 0.012 4.344 95.564 . . .

Ca 0.045 33 1024 2.253 97.702 . . .

Mg 17.543 0.015 10.877 71.565 . . .

Sn 1.940 98.060 0 0 . . .

Y . . . 4.0 . . . . . . 96.0

a The concentration data for Sn and Y are less accurately known than those for the alkaline earth metals listed in the JANAF Tables [9].
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employed in this article. However, this example empha-
sizes the fact that, although FIMS can be an important
method for obtaining PA values, the values depend

strongly on the accuracy of the thermodynamic data
available for metallic neutral compounds.

5. Results and discussion

5.1. Ion formation reactions in flames

The H2–O2–N2 flames contain only a small degree
of natural ionization produced by the chemi-ioniza-
tion reaction [23]

H 1 H 1 OH^ H3O
1 1 e2 (8)

With H3O
1; neutral metallic species can undergo

chemical ionization (CI) by proton transfer

H3O
1 1 AO^ H2O 1 AOH1 or AO.H1 (9)

Fig. 1. Profiles of barium neutral compounds along the axisz of flame 2 at 2400 K. The flame reaction zone is located nearz 5 0 mm.

Table 3
Neutral standard enthalpies of formation at 298 K for alkaline
earth metal compoundsa

Compound DHf,298
0 (kJ mol21)

MgO 58.26 25.1 [9]; 56.1 [19]; 150.66 20.9 [20]
CaO 43.96 21.0 [9]; 276 17 [19]
SrO 2 13.46 16.7 [9,19]; 1.56 15 [21]
BaO 2 123.86 8.0 [9,19];2 1126 5 [21]
MgOH 2 164.86 37.7 [9];2 125 [19];292.16 33.5 [20]
CaOH 2 193.96 21.0 [9];2 175.7 [19]
SrOH 2 205.56 20.9 [9];2 183 [19]
BaOH 2 266.46 29.3 [9];2 2306 17 [19]
Ba(OH)2 2 626.66 37.7 [9];2 586 [19]

a References: JANAF Tables [9]; Lias et al. [19]; Operti et al.
[20]; Huntelaar et al. [21].
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H3O
1 1 AOH^ H2O 1 AOH2

1 or A1.H2O

or AOH.H1 (10)

H3O
1 1 A(OH)2^ H2O 1 A(OH)(H2O)1

or AOH1.H2O or A(OH)2.H
1 (11)

H3O
1 1 OAOH^ H2O 1 A(OH)2

1

or AO1.H2O or HOAO.H1 (12)

Metallic ions were also produced by chemi-ionization
processes

AO 1 H^ AOH1 1 e2 (13)

A 1 OH^ AOH1 1 e2 (14)

OAOH 1 H^ A(OH)2
1 1 e2 (15)

In each case, the back reaction represents electron-ion
recombination. In general, the atomic A1 ion is
formed from, and linked to, the hydroxide AOH1 ion
by a fast balanced reaction

AOH1 1 H 5 A1 1 H2O (16)

Because [H2O] is large, it can be assumed that
hydration reactions of ions are also rapid and
balanced

A1 1 H2O 1 M 5 A1.H2O 1 M (17)

AOH1 1 H2O 1 M 5 AOH1.H2O 1 M (18)

A(OH)2
1 1 H2O 1 M 5 A(OH)2

1.H2O 1 M
(19)

where M is a third body. When a pair of metallic
compounds is introduced into a flame, a proton
transfer reaction can occur

AOH1 1 A9O^ A9OH1 1 AO (20)

The reactions of primary interest in the present work
are the proton transfer reactions (9), (12), and (20); all
three are examples of the general reaction (2). By
adjusting the concentration of the salt solution in the
atomizer, it was possible to achieve equilibrium for
AOH1 and A9OH1 ions in all five fuel-rich flames.

5.2. Relaxation timet

When the gas is sampled through the nozzle, it
cools in two regions: in the thermal boundary layer
surrounding the orifice; and in the near-adiabatic
expansion downstream of the nozzle throat [24]. This
can cause a shift of fast equilibrium reactions in the
exothermic direction during sampling. In particular,
the signals of ion hydrates which may not be genuine
flame ions can be enhanced with respect to the parent
ion signals. In general, if the relaxation timet2 of the
proton transfer reaction (2) is greater than the sam-
pling time of approximately 1ms [24,25], it may be
assumed that the reaction does not shift during sam-
pling. Also, the equilibration of reaction (2) requires
that the relaxation timet2 5 1/(k2[B] 1 k22[X]) is
appreciably less than the time corresponding to 30
mm of flame represented byDz/v ' 2 ms, wherev is
the average rise velocity in the burnt gas of approxi-
mately 15 m s21. Thus, for a proton transfer reaction
(2) to reach true equilibrium within the time scale of
the flame without sampling distortion, the relaxation
time t2 must fall into the time window 1ms , t2 ,
2 ms. Table 4 lists the relaxation times estimated for
the reactions studied in this work. When A is an
alkaline earth metal, a straightforward calculation in
some cases yields a value oft2 . 10 ms which is too
large; it occurs when [AO] is a minor constituent, as
shown in Table 2. Experimentally, however, profiles

Table 4
Estimated relaxation timet2 for reactions in flame 3 atz 5 30
mm downstream

Reaction t2 (ms) t2 (ms)a

SrOH1 1 BaO 5 BaOH1 1 SrO 0.84 128
CaOH1 1 BaO 5 BaOH1 1 CaO 0.85 128
CaOH1 1 SrO 5 SrOH1 1 CaO 41.2 150
SnOH1 1 CaO5 CaOH1 1 SnO 498 810
H3O

1 1 CaO5 CaOH1 1 H2O 400 137
SnOH1 1 MgO 5 MgOH1 1 SnO 14.7 532
Y(OH)2

1 1 MgO 5 MgOH1 1 OYOH 54.7 547
H3O

1 1 MgO 5 MgOH1 1 H2O 10.8 272
Y(OH)2

1 1 SnO5 SnOH1 1 OYOH 0.12 . . .

H3O
1 1 SnO5 SnOH1 1 H2O 0.10 . . .

H3O
1 1 OYOH 5 Y(OH)2

1 1 H2O
b 1 3 1025 . . .

a Additional proton transfer to A(OH)2 is included.
b The reaction will shift because of sampling cooling.
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of these ions often achieve constant plateau values
indicative of equilibrium forz , 30 mm (i.e. 2 ms).
The answer lies in the fact that there is another route
to form AOH1 involving proton transfer by H3O

1 to
the major constituent A(OH)2 via reaction (11) fol-
lowed by rapid dissociation of the A(OH)(H2O)1

product ion to give AOH1 via reaction (2 18). The
inclusion of [A(OH)2] from Table 4 into the expres-
sion for t2 yields a value which falls into the time
window such that the assumption of equilibrium is
warranted. For this estimate, a value ofk2 5 5 3
1029 cm3 molecule21 s21 was assumed for normal
flame temperatures of about 2100 K, withk22 re-
duced by an exponential factor corresponding to the
endothermicity of the back reaction.

5.3. Experimental results for alkaline earth metals

Fig. 2 shows the mass spectrum of a mixture
containing 0.1 M CaAc2 and 0.01 M BaCl2 in flame 2
at z 5 30 mm downstream. The two most intense
peaks are because of40CaOH1 at 57 u and138BaOH1

at 155 u. Barium has five major isotopes which can be
seen clearly in the mass spectrum. The very small peaks
at 40, 75, and 173 u arise from Ca1, CaOH1.H2O, and
BaOH1.H2O, respectively. The hydrate ion signals in-
crease noticeably for the low-temperature flames, and
they are not considered to be genuine flame ions [26].
Fig. 3 shows the time-resolved profiles for the ions of
Fig. 2. All of the ion signals, including the total positive
ion (TPI) profile, reach constant plateau values down-

Fig. 2. Mass spectrum at high resolution measured downstream atz 5 30 mm in flame 2 with the atomizer spraying a mixed solution of 0.1
M CaAc2 and 0.01 M BaCl2.
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stream ofz $ 15 mm (0.75 ms), and yield a constant
equilibrium ratio [BaOH1]/[CaOH1]; the hydrate sig-
nals were added to the parent ion signals in calculating
the ion ratio. The two ions BaOH1 and CaOH1 are
related by reaction (20) for proton transfer between CaO
and BaO whose reaction enthalpyDH20

0 5
PA0(CaO)2 PA0(BaO), the difference of their proton
affinities. The equilibrium constant for reaction (20) was
then calculated from the constant ratio of the ion currents
and the known concentration ratio of the neutral reac-
tants (Table 2) atz 5 30 mm, where K20 5 ([BaOH1]/

[CaOH1])([CaO]/[BaO]) in this case. The oxide concen-
tration [AO] is a function ofg [18] so that values ofg at
z 5 30 mm were included in [CaO]/[BaO] where ap-
propriate.

A van’t Hoff plot of ln K20 vs 1/T for the five
fuel-rich flames covering the temperature range
1820–2400 K is given in Fig. 4. A least-squares fit
through the data points yields a reasonably good
straight line, although there is noticeable curvature.
The three sets of points were obtained from different
experiments employing different sample concentra-

Fig. 3. Ion profiles measured at low resolution in flame 2 of concentration vs axial distancez or reaction time, with the atomizer spraying a
mixed solution of 0.1 M CaAc2 and 0.01 M BaCl2; TPI12 denotes total positive ions. The flame reaction zone is located nearz 5 0 mm.
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tions and ratios for the BaCl2/CaAc2 mixed solution,
with a sampling nozzle diameter of 0.170 mm. From
the slopeDH0 5 2 28.0 6 9.2 kJ mol21 (2 6.7 6
2.2 kcal mol21), and from the interceptDS0 5 2
18.8 6 4.6 J mol21 K21 (4.5 6 1.1 cal mol21 K21).
The error limit reported here represents the standard
deviation of the least-squares fit, and the plot shows
that the experimental data are consistent and repro-
ducible. Theoretically speaking,DS0 ' 0 for a simple
proton transfer like reaction (20). The major contri-
bution to this rather largeDS0 value might have arisen
from mass discrimination and/or the hydrate contri-
butions of AOH1. As discussed above, these effects
can modify the intercept but not the value ofDH0

derived from the slope. This important consideration
lends credibility to the PA values obtained.

Another example is the proton transfer reaction
between SrO and BaO. A van’t Hoff plot is shown in
Fig. 5. In this case, three different orifice diameters
(0.104, 0.170 mm Pt/Ir and 0.181 mm Ni) were used
with the atomizer spraying a solution of 0.1 M SrAc2

and 0.025 M BaCl2. Here,DH0 5 2 10.9 6 8.8 kJ
mol21 (2 2.6 6 2.1 kcal mol21), and DS0 5 2
13.8 6 5.9 J mol21 K21 (23.3 6 1.4 cal mol21

K21). A similar van’t Hoff plot (not shown) for the
proton transfer reaction between CaO and SrO yields
DH0 5 2 17.26 10.0 kJ mol21, andDS0 5 2 6.7 6
5.4 J mol21 K21. These experimental results show that
PA0(BaO). PA0(SrO). PA0(CaO), in agreement with
Murad’s values [7] but in contrast to those derived from
the JANAF Tables [9]. This is primarily because of the
different values of the ionization energy of BaOH

Fig. 4. Van’t Hoff plot for the equilibrium constant of the proton transfer reaction (20) involving BaOH1 and CaOH1 measured in five flames
over the temperature range 1820–2400 K with the atomizer spraying mixed aqueous solutions of varying concentrations and Ba/Ca ratios as
indicated.
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quoted by different authors. In the JANAF Tables,
IE0(BaOH) 5 5.09 eV which is the average of two
separate measurements [27,28]. The most recent litera-
ture reference gives the value as 4.626 0.3 eV [26].
Murad measured IE0(BaOH) 5 4.356 0.3 eV [7];
from IE0(BaOH) 5 DHf

0(BaOH)1) 2 DHf
0(BaOH) and

DHf
0(BaOH) 5 2 230 6 18 kJ mol21 (the JANAF

Tables give a value of2 222 6 29 kJ mol21), he
obtainedDHf

0(BaOH1) 5 189 kJ mol21. Thus, he ar-
rived at a value for PA0(BaO) 5 DHf

0(BaO) 1
DHf

0(H1) 2 DHf
0(BaOH1) 5 1216 kJ mol21 (291 kcal

mol21) which is 70 kJ mol21 (17 kcal mol21) higher
than the value of 1146 kJ mol21 (274 kcal mol21)
derivable from the JANAF Tables [9].

Generally speaking, an equilibrium constant such
as K20 must be independent of both the size of the

orifice and the concentration ratio of the metals in the
salt solution. A change in the latter ratio by a factor of
2–5 at a given temperature was possible for some
samples. This is small compared with HPMS experi-
ments, where the neutral concentration ratio can be
varied by a factor of more than 10. The restriction
occurs in FIMS because the ratio of metallic neutrals
is fixed in a given flame (see Table 2) and, when
considerations of the relaxation time are included (see
Sec. 5.2), there is relatively little room to alter the
concentration ratio in the salt solution.

5.4. Proton affinity ladder

Similar to the alkaline earth metals, experiments
were also conducted for the pairs CaO/SnO, CaO/

Fig. 5. Van’t Hoff plot for the equilibrium constant of the proton transfer reaction (20) involving BaOH1 and SrOH1 measured in five flames
over the temperature range 1820–2400 K. The atomizer was spraying a mixed aqueous solution of 0.025 M BaCl2 and 0.1 M SrAc2 for
different sampling nozzles of varying diameter as indicated.
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H2O, MgO/SnO, MgO/OYOH, SnO/OYOH, MgO/
H2O, and SnO/H2O. The results ofDH0 and DS0

derived from van’t Hoff plots for each individual pair
of compounds are given in Table 5. In order to set up
a PA ladder, selecting a suitable reference base B is
very important for the measurement of the unknown
proton affinity of a molecule X. Consider the general
reaction (2). If PA0(B) is considerably higher than
PA0(X), i.e. the reaction is exothermic to the right,
thenKeq 5 k2/k22 is very large so thatk2 .. k22 for
the forward and back reactions. In order to obtain the
value of Keq, the neutral concentration ratio [X]/[B]
must be very large if the ratio of the ion currents is to
be in a range suitable for measurement. Using SnO/
H2O as an example, the major flame product is water
with [H2O] ' 1 3 1018 molecule cm23 at 2100 K; at
the same temperature, the tin oxide concentration in
flame 3 is [SnO]' 3 3 1012 molecule cm23. There-
fore, even though the proton transfer reaction from
H3O

1 to SnO is strongly exothermic (PA0(SnO)2

PA0(H2O) ' 215 kJ mol21 5 52 kcal mol21), H2O in
the role of an anchor can still be used as a reference
base to obtain the PA values for metallic oxides. This
is valid because the large concentration ratio [H2O]/
[SnO] ' 3 3 105 brings H3O

1 and SnOH1 ions into
equilibrium in flames [29]. The large amount of
water present here is also a crucial factor in forcing
H3O

1 and MgOH1, and even CaOH1, to overcome
the endothermicity of the reverse reaction so that
equilibrium is attained. With these considerations

in mind, the PA ladder presented in Fig. 6 was
constructed.

The exothermicity gap for CaO/H2O is so large
that the attainment of equilibrium stretches the
method to the limit. With the atomizer spraying 0.004
M CaAc2, [H2O]/[CaO] ' 7 3 109 at 2400 K in
flame 2 andKeq could be measured only for the two
highest-temperature flames, 2 and 25. The two-point
van’t Hoff plot (not shown) yields DH0 5 2

492.56 81.7 kJ mol21 (2 117.76 19.5 kcal
mol21), and DS0 5 31.7 6 35.4 J mol21 K21

(7.6 6 8.5 cal mol21 K21); the high uncertainties
stem from a number of measurements which were not
very consistent. The large experimental value ob-
tained for DS0 with its large uncertainty is not
inconsistent with the value of 15.7 J mol21 K21

derived from the JANAF Tables [9] at 2100 K. For
the other low-temperature flames 3–5, the H3O

1 ion
signal was too small to be measured. In order to boost
the H3O

1 ion signal, an even lower concentration of
CaAc2 solution was attempted, but the problem was
complicated by the requirement of the relaxation time.
In this case, although the H3O

1 ion signal was
measurable, H3O

1 and CaOH1 did not reach equilib-
rium in the time window available for the flame.
Because of the large uncertainties of theDH0 and
DS0 values, the measurement cannot be taken too
seriously; hence, only a dashed line is used as an
indicator to link H2O and CaO in the PA ladder
given in Fig. 6.

Table 5
Results from slopes and intercepts of the van’t Hoff plots

Reaction 2 DH0 (kJ mol21) 2 DS0 (J mol21 K21)

SrOH1 1 BaO5 BaOH1 1 SrO 10.96 8.8 13.86 5.9
CaOH1 1 BaO5 BaOH11 CaO 28.06 9.2 18.86 4.6
CaOH1 1 SrO5 SrOH1 1 CaO 17.26 10.0 6.76 5.4
SnOH1 1 CaO5 CaOH1 1 SnO 268.06 15.0 9.467.2
H3O

1 1 CaO5 CaOH1 1 H2O 492.56 81.7a 2 31.76 35.4a

SnOH1 1 MgO 5 MgOH1 1 SnO 99.26 8.8 13.46 3.8
Y(OH)2

1 1 MgO 5 MgOH1 1 OYOH 245.66 16.9 83.56 7.5
H3O

1 1 MgO 5 MgOH1 1 H2O 324.96 8.8 2 4.56 4.3
Y(OH)2

1 1 SnO5SnOH1 1 OYOH 153.56 17.6 69.86 8.5
H3O

1 1 SnO5 SnOH1 1 H2O 218.06 10.5 2 15.96 5.0

aKeq was measured only at temperatures of 2230 (flame 25) and 2400 K (flame 2).
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By similar reasoning, if the ions of a pair of
metallic compounds reach equilibrium, the neutral
concentration of the molecule of lower PA in the
flame must exceed that of the molecule of higher PA;
in general, the same must be true for the concentra-
tions of the metallic salts in the atomizer. For exam-
ple, the proton transfer reaction between CaOH1 and
SnOH1 can reach equilibrium during the time win-
dow of the flame because the [SnO]/[CaO] ratio is
very large. Ion profiles for this equilibrium reaction
measured in flame 2 are shown in Fig. 7. In contrast,
both [MgO] and [CaO] are minor species and the
equilibrium between MgOH1 and CaOH1 cannot be
achieved within the time window available for FIMS.
Therefore, the link reaction between the top and the
bottom of the PA ladder is the proton transfer reaction
involving CaOH1/SnOH1 instead of CaOH1/

MgOH1. From the van’t Hoff plot for CaO/SnO
shown in Fig. 8,DH0 5 2 268.06 15.0 kJ mol21

(2 64.16 3.6 kcal mol21), and DS0 5 2 9.4 6
7.2 J mol21 K21 (2 2.2 6 1.7 cal mol21 K21).
Because PA0(SnO) has been determined with refer-
ence to water [29] and has also been calculated
theoretically by ab initio methods [30], SnO can serve
as another firm anchor, i.e. an alternative reference
base to water. In addition, it is helpful that [SnO]'
100% of the tin present in flames.

Thermodynamic values for the neutral species of
the group 3 metals scandium, yttrium, and lanthanum
are not available in the JANAF Tables [9]. Previous
work in this laboratory indicated that only YO and
OYOH exist in flames, and their neutral concentra-
tions were estimated [31]. The Y(OH)2

1 ion was
observed in the mass spectrum but not YOH1. Ex-

Fig. 6. Proton affinity ladder for metallic compounds involving equilibrium measurements of pairs of ions related to the neutral species
indicated by the arrows.
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periments were carried out to obtain PA0(OYOH)
using SnO as a reference base. From the van’t Hoff
plot shown in Fig. 9,DH0 5 2 153.56 17.6 kJ
mol21 (2 36.76 4.2 kcal mol21), and DS0 5 2
69.8 6 8.5 J mol21 K21 (2 16.76 2.0 cal mol21

K21). The reason for the largeDS0 value is not clear
at this time, but estimates from isoelectronic neutral
species indicate that a rather large value is reasonable.
The DH0 value from Fig. 9 gives PA0(OYOH) 5
765.7 kJ mol21 (183 kcal mol21); compared to the
PAs of the metallic oxides, the PA value for OYOH
seems low.

Another experiment was also attempted to measure
PA0(OYOH) using water as a reference base. How-

ever, the relaxation timet , 1 ms causing the proton
transfer reaction between H3O

1 and Y(OH)2
1 to shift

in the exothermic direction because of sampling
cooling so that H3O

1 became too small to be mea-
sured. In an attempt to boost the ionization level, 0.25
mol% of methane was added to the flame to raise
[H3O

1] but the ion profiles did not reach constant
plateau values downstream. That is, equilibrium be-
tween H3O

1 and Y(OH)2
1 could not be achieved

within the time scale of the flame, and water cannot be
used as a reference base in this case. Nevertheless, if
thermodynamic data for the neutral species of the
group 3 metals become available, future work can
yield PA values for OLaOH and OScOH.

Fig. 7. Ion profiles measured at high resolution in flame 2 with the atomizer spraying a mixed solution of 0.092 M SnCl4 and 0.008 M CaAc2.
The flame reaction zone is located nearz 5 0 mm.
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5.5. Correction of PA values from flame to room
temperature

All the measurements were made at flame temper-
atures in the range 1820–2400 K with an average
value very close to 2100 K corresponding to the
midpoint of the van’t Hoff plots. By convention, PA
values are quoted at 298 K requiring the correction of
the flame data to room temperature. For the alkaline
earth metals according to the JANAF Tables [9],
PA2100

0 (AO) 2 PA298
0 (AO) 5 25.442, 10.242, 9.387

and 4.867 kJ mol21 for A 5 Mg, Ca, Sr and Ba,
respectively, and the PA difference for H2O is 13.285
kJ mol21; data for SnO and OYOH are not listed. In
general, the PA difference between flame and room
temperature is# 14 kJ mol21 (# 3.5 kcal mol21);

MgO is an exception. Using PA0(H2O) 5 691.0 kJ
mol21 (165.2 kcal mol21) [1] as an anchor, the
corrected PA values at 298 K are listed in Table 6 in
both kJ and kcal mol21. Based on the references cited
here, a reasonable assessment of the errors for the PA
values listed in Table 6 is6 21 kJ mol21 (6 5 kcal
mol21).

The value of PA0(MgO) 5 10046 21 kJ mol21

at 298 K is based on thermodynamic data in the
JANAF Tables [9] for neutral Mg, MgO, MgOH, and
Mg(OH)2, some of which are controversial. Other
values in the literature for PA0(MgO) are higher than
Murad’s value of 988 kJ mol21 [7] quoted in the
NIST compilation [1]. Our recent theoretical and
experimental study of magnesium [22] (see Sec. 4)
yields a calculated value of 10786 13 and an exper-

Fig. 8. Van’t Hoff plot for the equilibrium constant of the proton transfer reaction (20) involving CaOH1 and SnOH1 measured in five flames
over the temperature range 1820–2400 K with the atomizer spraying mixed aqueous solutions of SnCl4 and CaAc2.
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imental one of 10566 29 kJ mol21 in good agree-
ment. These results are also in good agreement with
the higher value of 10716 29 kJ mol21 determined
by Operti et al. [20].

5.6. Proton transfer linking alkali and alkaline
earth metals

It would be of interest to investigate proton transfer
between compounds of alkali and alkaline earth met-
als. PA values for alkali metal hydroxides have been
well established by Kebarle and his coworkers [4,5].
A promising pair of such metal compounds for FIMS
is LiOH/SrO with proton transfer involving the ions
LiOH2

1 and SrOH1. Our experimental attempts with
this system to date have not been successful.

PA0(LiOH) 5 1007 kJ mol21 (240.7 kcal mol21) [4]
is an ideal reference base to link the low and high ends
of the PA ladder. Unlike the other alkali metals,
neutral LiOH is a major species in flames with [LiOH]
$ 90%; the only other species is atomic Li. The mass
spectrum of lithium is different from that of the other
alkali metals. Because IE0(Li) 5 5.392 eV is small,
the thermal ionization of lithium is the important
production reaction, and atomic Li1 is the major peak

Li 1 M 5 Li 1 1 e2 1 M (21)

At the same time, LiOH2
1 (5 Li1.H2O 5 LiOH z H1)

yields a relatively small peak. The measurement of
the proton transfer product LiOH2

1

Fig. 9. Van’t Hoff plot for the equilibrium constant of the proton transfer reaction (20) involving SnOH1 and Y(OH)2
1 measured in five flames

over the temperature range 1820–2400 K with the atomizer spraying mixed aqueous solutions of SnCl4 and YCl3.
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LiOH 1 SrOH1 5 LiOH2
1 1 SrO (22)

was complicated by extensive hydration of the Li1

ion by the cooling which occurs during sampling

Li 1 1 H2O 1 M 5 Li 1.H2O 1 M (23)

In this case, only a small part of the LiOH2
1 observed

in the mass spectrum come from the genuine flame
ion and most of it was hydrate formed during sam-
pling. Hence, instead of measuring the ion intensity of
LiOH2

1, Li1 ion intensities were measured. Under the
assumption thatDH0 andDS0 for reaction (23) do not
change from 298 K to flame temperature, and using
data from the work of Kebarle and his co-workers [5],
the genuine ratio [LiOH2

1]/[Li 1] was calculated at
flame temperatures. The calculations indicated that
over 98% of the measured LiOH2

1 ion signal was
formed by hydration and the contribution of the
genuine flame ion was very small. Significantly, the
calculated [LiOH2

1] concentrations did not yield the
correct DH0 value for reaction (22). Also, it was
difficult to bring Sr and Li ions into equilibrium
within the time window of the flame. Thus, a
number of the problems encountered were formi-
dable, and the alkali metals were not pursued
further at this time.

6. Summary

These quantitative measurements of ion-molecule
equilibria at 760 Torr and flame temperatures by the
FIMS method led to the successful construction of a
proton affinity ladder with high PA values for metallic
compounds which include alkaline earth oxides, tin
oxide, and yttrium oxide-hydroxide. With H3O

1, a
natural flame ion, to anchor this ladder to PA0(H2O),
a new PA value for OYOH was measured. In general,
the PA values obtained here for the alkaline earths are
in excellent agreement with previous measurements
done by Murad which are listed in the NIST compi-
lation (see Table 6). This new approach using FIMS
to obtain PA values of metallic compounds has some
distinct advantages. The relative PA values are not
subject to mass discrimination. Metallic species can
be observed in flames which are not accessible at
lower temperatures. The proton transfer equilibria can
be measured over a considerable range of high tem-
peratures. Because a thermodynamic measurement is
involved, the flame rise velocity in the burnt gas is not
an important parameter (it is crucial for kinetic
measurements). An even larger temperature range is
available for such measurements (say, 1700–2550 K,
not limited to the range of flames 2–5) and any

Table 6
Proton affinities of metallic compounds at 298 K

Compound Proton affinity

Literature value

Author [Ref.]

This work

kJ mol21 kcal mol21 kJ mol21 kcal mol21

BaO 1215 291 Murad [7] 1222 292
SrO 1209 289 Murad [7,8] 1201 287
CaO 1191 285 Murad [7,8] 1184 283
CsOH 1126 269.2 Kebarle [5]
KOH 1099 262.6 Kebarle [5]
NaOH 1036 247.6 Kebarle [5]
LiOH 1007 240.7 Kebarle [5]
MgO 988 236 Murad [7] 1004 240
FeO 918 219 Murad [3]
SnO 899 215 Jensen [12] 912 218
CuOH 891 213 Hayhurst [10]
OYOH 766 183
H2O 691.0 165.2 NIST [1]
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temperature in between. Using water as an anchor
reference base,DPA0 . 210 kJ mol21 (50 kcal
mol21), or even up to 490 kJ mol21 (117 kcal mol21),
can be bridged between water and metallic oxides
(e.g. SnO, MgO, and even CaO) to build the PA
ladder. At the same time, FIMS has some shortcom-
ings. Unlike HPMS, neutral concentrations of metallic
species at flame temperatures are calculated and not
directly measured. Current thermodynamic data for
metallic compounds from different literature sources
are sometimes in conflict (see Table 3), and are often
not available, e.g. transition metals. Also, it can be
difficult to bring a pair of ions into equilibrium in the
time scale of the flame imposed by the relaxation time
t and sampling considerations.

In future studies, when accurate thermodynamic
data become available for other neutral metallic spe-
cies, FIMS offers the opportunity for the measure-
ment of PA values for a considerable range of such
compounds at the high end of the PA scale. Some of
these compounds are also accessible by KCMS. These
studies compliment those lower down on the PA
scale which have produced so many values for
organic compounds by the FA (SIFT), HPMS and
ICR methods.
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