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Chemielectron and chemiion spectra resulting from the reactions of effusive beams of Ca, Sr and Ba (in their ground 'S states)
with ground state molecular oxygen O,(X Z; ) have been recorded using electron spectroscopy and mass spectrometry. The
chemielectron spectra are similar for all three reactions exhibiting a strong near-zero energy band and another band at higher
electron energies. The chemiion spectra show OF , M+ and M,05 as the major ions. The total ion current as well as the individual
ion intensities, have been recorded as a function of the extraction potential on the reaction cell. The results obtained indicate that
the metal oxide dimer ion is the primary chemiion, formed via an associative ionization reaction of a metal atom with a long-
lived metal superoxide intermediate MO%. A two state potential energy curve model is proposed for the M+MO3 reaction to

explain the shape of the experimental electron distribution.

1. Introduction

Gas-phase reactions of alkaline earth metals play
important roles in a number of atmospheric pro-
cesses and in the chemistry of flames [1,2]. Chem-
ilonization reactions may also be important as pri-
mary ionization processes in the ionosphere. Although
a number of experimental methods have been used
to investigate gas-phase chemiionization reactions of
metals with oxidants [3-9], very little use has been
made of electron spectroscopy. However, in recent
work in this laboratory [10,11], the associative ion-
ization reactions of a number of lanthanide metals
with the oxidants O,(X 3Z; ), O(a'A,) and O(°P)
have been studied by electron spectroscopy. The
spectra obtained, when combined with positive ion
mass spectra recorded for the reaction studied, led in
each case to identification of the major chemiioni-
zation channel and an estimate of its exothermicity.
If the simplest metal-oxidant associative ionization
reaction is considered,

* Corresponding author.

M+0-MO*+e—, (1)

then the reaction enthalpy of this reaction can be
written as

AH, =—-Dy(MO)+AIE(MO), (2)

where Dy(MO) and AIE(MO) are the dissociation
energy and adiabatic ionization energy of the metal
monoxide, MO, respectively. The measured high ki-
netic energy onset of the experimental electron en-
ergy distribution will provide an estimate of AH,,
provided that the Franck—Condon factors in the on-
set region are sufficiently favourable to allow the true
onset to be observed experimentally. This approach
has been used to estimate the reaction enthalpy of the
Sm+ O associative ionization reaction and a number
of other metal-oxidant chemiionization reactions
[10,11]. These studies demonstrated that a metal-
oxidant associative ionization reaction will be ener-
getically favoured by the formation of a reaction in-
termediate with a low ionization energy and a strong
metal-oxygen bond. Alkaline earth metals form ox-
ides which satisfy these conditions. However, the
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simple associative ionization reactions of the alka-
line earth metals in their ground 'S states with
0,(X3%%; ):

M+0,-MO} +e~, (3)

can be calculated as strongly endothermic, for M=Ca,
Sr or Ba (see table 1). Hence if electrons are detected
from the reaction of calcium, strontium or barium
with O;(X3Z; ), they cannot arise from this reac-
tion. In the present paper, a study of the chemiioni-
zation reactions of these metals in their ground 'S
states with O,(X3Z;) is reported under effusive
beam conditions using electron spectroscopy. Also for
each reaction, positive ion mass spectrometry is used
to identify the major associative ionization channel.

2, Experimental

Details of the apparatus used in this work have been
described briefly elsewhere [10] and a more detailed
account is in preparation [12]. A schematic diagram
of the ionization chamber of the electron spectrome-
ter used is shown in fig. 1. Electrons produced from
a chemiionization reaction were energy analyzed with
a hemispherical electrostatic analyzer and the ions
produced were mass analyzed using a quadrupole

Table 1

Calculated enthalpies (in eV) for possible M+0,(X %, ) reactions

A.M. Shaw et al. / Chemical Physics 179 (1994) 455-462

mass spectrometer (SXP 600, VG Quadrupoles).

As shown in fig. 1, ions and electrons were sampled
from the same reaction cell under a given set of ex-
perimental conditions simply by choosing the mag-
nitude and sign of the extraction voltage on the cell.
Pulsed radiofrequency induction heating was used to
evaporate a metal (Ca, Sr or Ba) from above the re-
action cell from molybdenum or tungsten furnaces,
to produce metal vapour in the reaction cell. Molec-
ular oxygen (O, X °Z;" ) was added from the side. In
a typical experimental study, the partial pressures of
the effusive beams of the metal and oxygen in the re-
action cell were varied in the range 10~° to 10~3
mbar, to investigate the partial pressure dependences
of the chemielectron and chemiion signals observed.
As described earlier [10,11], a Hel photon source was
used to obtain photoelectron spectra from the reac-
tion mixture in order to calibrate the electron energy
scale of the chemielectron spectra recorded. The Hel
photoelectron spectrum of O,(X3%; ) proved par-
ticularly useful for this.

The electron and ion extraction voltages on the re-
action cell were pulsed on a 20 ms duty cycle. The
electron extraction voltage (typically —2 V') was ap-
plied to the reaction cell in antiphase to the rf heating
pulse. In this mode, voltages on the external ion op-
tics of the quadrupole were set to zero. Then during

Ca Sr Ba Equation
number
in text

M+0,-+MOF +e~ 3.54+0.37 3.2410.36 0.26+0.93* 3
M+0,-MO3 -2.341+0.17 —2.3410.26 ~5.1810.83™ 4,5
2M+0,-M,0% +e~ -2.16+£0.57 —1.9410.23 —4.78+0.09 7
M+0,-MO+0 1.08+0.21 0.841+0.09 -0.51£0.019 -

*) Calculated from D§ (M-0,) and IE(MO,). D3 (Ba-0,) =5.1810.83 eV [21]. Do(Sr-0,) and Dy(Ca-O,) values were taken as those
derived in a theoretical study [31] as 2.3410.26 and 2.34+0.17 eV respectively. IE(MO,) values were calculated by reducing the
known IE(MO) values by the difference in the electron affinities of O~ and O3 (1.02 eV) [26,27]. This is reasonable as these oxides
are highly ionic [29]. The following values were used for IE(MO): IE(Ca0)=6.9010.15 eV [28], IE(S8r0)=6.60+0.05 [29] and
IE(Ba0)=6.4610.07 eV [29]. The following values were derived for IE(MO,): IE(Ca0O,)=5.88+0.20 ¢V, IE(Sr0,)=5.58+0.10

eV and IE(Ba0,)=5.44+0.10¢V.

®) These values are —D§ (M-0,) values. They were taken from ref. [21] for Ba-0O, and ref. [31] for Ca-O, and Sr-Q, (see a) ).
<} Derived overall reaction enthalpy on the assumption that IE(MO),=IE(MO) and Dy(M-0,-M) =2D,(MO). Values of IE(MO)

and Dy(MO) used are listed in d).

9 Calculated from Dy(MO) and Dy(0;) (5.1156 V) [30]. The Dy(MO) values used are DY(Ca0)=4.0310.21 eV [24],
DY(Sr0)=4.27+0.09 eV [25] and D3 (BaO)=5.62+0.01 eV [22,23].
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Fig. 1. Schematic diagram of the ionization chamber of the elec-
tron spectrometer used for chemiionization studies. In this fig-
ure, the following labels are used: (B) extraction optics, (C)
quadrupole, (D) diffusion pumps, (E) electron analyzer en-
trance slits, (F) furnance/radiator assembly, (G) high temper-
ature flange, (H) water cooled shield.

the rf heating pulse, the ion extraction voltage (typi-
cally + 12 V) was applied to the reaction cell and ap-
propriate voltages set on the external ion optics used
to focus ions into the differentially pumped quadru-
pole mass spectrometer. A gating unit has been de-
signed so that the instrument can be used either for
consecutive detection of ions and electrons from the
reaction cell under a given set of reaction conditions
with extraction voltages pulsed at 50 Hz, or for the
detection of only ions or electrons.

For each reaction studied, the dependence of the
mass resolved and total ion currents on the voltage
applied to the reaction cell has been investigated.
Typically, for small applied voltages, inefficient col-
lection of ions occurs. As the voltage increases, the
measured total ion current (TIC) increases until a
plateau is reached, where the total ion current mea-
sured is proportional to the number of chemiions
produced in the reaction cell. At higher voltages, a
large increase in the total current is observed due to
cascade effects [13-15]. This cascade region occurs

when the energy of an ion (or electron) gained from
the extraction field is above the ionization energy of
a reaction component. Under these conditions, two
ions may be produced from an ion-molecule reac-
tion. In order to identify primary ions associated with
a chemiionization reaction, it is important to per-
form a voltage dependence study, to identify the pla-
teau region and then record mass spectra in this re-
gion. Further details of these ion current
characteristics and the mode of operation of this ap-
paratus will be described elsewhere [12].

3. Results and discussion

Chemielectron spectra resulting from the reactions
of Ca, Sr and Ba with oxygen at a partial pressure of
~2X10~* mbar are shown in fig. 2. These spectra
were recorded at furnace temperatures of 800, 850

co*

Ca+0; {Ca0)3
|
Sr+0, sr*
% (SrO)+
ﬂ 2

>
B
5
E £
c [ 5
1] T T c
£ -
8
° (BaO)t s
E 2 H
2 Ba+0, g
Ba*
"
OE 8020
0*] BoO* I
——— . L v
00 10 100 200 300

Electron Kinetic Energy
(ev)

Ion Moss (omu)

Fig. 2. Chemielectron and chemiion spectra resulting from the
reactions of Ca, Sr and Ba with O,. Typical maximum count rates
for the chemielectron spectra are 10° ¢ s—!. Typical maximum
ion currents recorded in the chemiion spectra are 10! A,



458 A.M. Shaw et al. / Chemical Physics 179 (1994) 455-462

and 800 K respectively and had typical count rates of
1000 ¢ s—?! for the most intense part of each spec-
trum. In all three cases a strong chemielectron band
at nearly zero energy is observed as well as a band at
higher energy. For each spectrum, the measured band
maxima and high kinetic energy onsets have been
listed in table 2. Also shown in fig. 2 are the corre-
sponding mass spectra recorded under the same con-
ditions but with a reaction cell voltage of +15 V. In
all cases, the major ions observed are OF, M* and
(MO)F . No (MO)7 ions were observed under any
experimental conditions.

The result of a typical voltage dependence study on
the intensity of the ions observed from the Ca+0,
reaction, recorded at constant reagent partial pres-
sures, is shown in fig. 3. This shows the total ion cur-
rent (TIC) and the relative ion currents recorded for
the metal containing ions, Ca* and (CaQ)7, as a
function of reaction cell voltage. As can be seen, the
total ion current shows a small plateau followed by a
cascade region with an onset at approximately 20 V.
The Ca* and (CaQ); signals show opposite trends
with applied voltage, with the (CaO)3 ion decreas-
ing and the Ca™ ion increasing as the reaction cell
voltage increases. In the Sr+Q, case, a similar TIC
plot to that shown in fig. 3 was obtained but
(SrO)J and Sr* show opposite trends to that shown
in fig. 3 with the M,07 ion intensity increasing and
the M* intensity decreasing as the reaction cell volt-
age increases. In the Ba+O, case, a higher
M,037 :M™ ratio was observed at low voltages on the
reaction cell (<15 V) compared to the Ca+O, case,

Table 2
Electron energy distribution characteristics measured for the
M+0,(X %] ) reactions *

Metal Band maxima (eV) High kinetic energy
onset (eV)
Ca 0.06 1.10
0.47
Sr 0.24 1.60
0.77
Ba 0.17 1.31
0.74

*) Experimental error in the tabulated values is +0.06 eV. As
pointed out in the text the experimental high kinetic energy
onset in the electron kinetic energy distribution may not be the
true onset because of unfavourable Franck—-Condon factors.
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Fig. 3. Dependence of the total ion current (TIC) and relative
Ca* and (CaO)7 ion currents on the reaction cell voltage (see
text). The right hand axis (total ion current) refers to the TIC
plot; the left hand axis refers to the relative Ca* and (CaO)F
ion currents.

and BaO™ and Ba,O+ signals were observed. A pla-
teau is observed in the TIC plot as in fig. 3, but the
Ba* and Ba, O3 signals are approximately constant
in the plateau region. To higher voltages of the onset
of the cascade, Ba*t increases and Ba,O;F remains
approximately constant. It is clear from these results
that although in the plateau region a constant frac-
tion of the total ions are being collected, ion—-mole-
cule reactions are occurring which will affect the ra-
tios of the ion signals observed. Possible ion-molecule
reactions which could occur in the reaction cell, and
hence affect the M*:M,05 ratio, include charge
transfer between an ion and a metal atom as this will
have the lowest ionization energy of the species in the
reaction cell. Most important are reactions of the type
M+ (MO)+ -M* + (MO),, which are endothermic
by ~0.2 eV for M=Ca, Sr and Ba, and
M+0F+ -M* +0,, which are exothermic by ~ 6 eV.
Also endothermic reactions such as M*+Q0,-M+
07 and (MO)# +0,—-(MO), +05 withAH?~ +6
eV, will become important as the ions M* and
(MO)# acquire energy from the reaction cell voltage
on leaving the reaction cell.

Evaporation of the alkaline earth metals (Ca, Sr
and Ba) from a tungsten or molybdenum furnace un-
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der the conditions used produced an effusive beam
of the metal atoms. No other species (e.g. metal di-
mers) are expected to be of significant partial pres-
sures [16] and this was confirmed by photoelectron
spectra and electron impact mass spectra recorded
under the experimental evaporation conditions. Fur-
thermore, thermal population of electronic excited
states of the metals studied at the experimental evap-
oration temperature is insignificant. Since O, is also
in its ground state, only ground state reactions should
be considered to rationalize the observation of ions
and electrons. This should be combined with the main
piece of experimental evidence ~ that the major ions
observed are M* and (MO)5 with no MOZ ions
being observed under any experimental conditions.
A number of possible chemiionization reactions have
been considered and it has been found that all simple
bimolecular ionization processes are endothermic for
ground state reactants M and O,. However, collision
between a metal atom and an oxygen molecule would
lead to a collision complex MO%* which could be sta-
bilised by collision with a third body to give MO%, an
excited metal dioxide with excitation energy less than
the dissociation energy D(M-0,). If MO3% undergoes
a collision with a metal atom, an excited dimer
M,0% may be formed with sufficient energy to
autoionize.

The following mechanism is therefore proposed to
rationalize the observation of chemielectrons and
chemiions:

M(!S)+0,(X *Z; ) »MO3s*, (4)
MO%* +X->MO2 +X , (5)
MO% +M('S)— (MO)%—(MO)$ +e~, (6)

where in this scheme X represents a third body and
M a metal atom.
This interpretation means that the observed chemi-

ionization reaction is reaction (6). This would ac- °

count for the dimer ions observed and the observa-
tion of M* ions can only be explained in terms of
subsequent ion-molecule reactions occurring in the
reaction cell.

The overall reaction can be written as

2M+02~’M202+ +e™ . (7)

Unfortunately, it is not possible to calculate the en-
thalpies of these reactions, for M=Ca, Sr and Ba, as

the necessary heats of formation are not available.
However, if the D,, rhomboid structure of Ba,O, with
Ba atoms at opposing corners, suggested by infrared
matrix isolation studies [17], is assumed for all three
M,0, molecules, then it is reasonable to assume that
IE(M,0,) =IE(MO) and Dy(M-0,-M) =
2Dy(MO). These assumptions lead to
AH,=-2.16+0.57 eV, —194+0.23 eV and
—4.781+0.09 eV for M=Ca, Sr and Ba respectively.
These values can be compared with the experimental
high kinetic energy onsets of the electron energy dis-
tributions of 1.10, 1.60 and 1.31 eV (see table 2).
These two sets of values are not expected to be in good
agreement because of the approximations involved
in deriving the AH, values, because deactivation of
MO3* to MO3 means that not all the energy of M-O,
bond formation will be available in the chemiioniza-
tion process and because the experimental high ki-
netic energy onset in the electron kinetic energy dis-
tribution may not be the true onset because of
unfavourable Franck-Condon factors.

The proposed mechanism requires the formation
of a long-lived metal superoxide intermediate, MO%,
and the formation of a stable dimer ion, M, O5 . Some
support for these requirements exists in the litera-
ture. Metal superoxides of the alkaline earth metals
studied in this work have been observed in matrix
isolation studies, where the dimer M,0, has been
postulated as formed via reaction of the metal with
the superoxide [17]. Also, in a recent study of the
gas-phase reaction of Ca with N,O or O,, optical
emission induced by irradiation at 193 nm, was pos-
tulated to arise from photolysis of (CaO), to pro-
duce an excited state of CaO [18]. It has also been
noted in refs. [17] and [18] that (BaO), is a lot more
stable than (CaO), and (SrO),. If this order of sta-
bility also applies to their ground state cations, as ap-
pears to be the case from the AH, values listed in ta-
ble 1, then this would provide some support for
observation of (BaO)3 as the most intense dimer ion
in these M+ O, experiments.

Calcium superoxide, CaQ,, plays an important role
in the atmospheric chemistry of calcium [19] and
barium superoxide, BaO,, has been postulated as an
intermediate in the Ba+ O, gas-phase reaction, on the
basis of the symmetric product angular distribution
in the centre of mass frame of the reaction
Ba+0,-Ba0+ O performed under molecular beam
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conditions [20]. BaO, has also been observed in the
gas phase in a crossed-beam study of the reaction
Ba+0;—-Ba0,+0 [21].Inref. [21], a value for the
Ba-0, bond energy has been estimated as 5.18 +0.83
eV which is lower than the dissociation energy of BaO,
5.62+0.01 eV [22,23].

Having obtained a mechanism for the observed
chemiionization reactions which is consistent with the
experimental observations, the shape of the electron
energy distributions in fig. 2 can be addressed. The
collision partners in the ionization process are the in-
ternally excited metal superoxide, MO%, and a metal
atom in its ground state, M('S). The three electron
energy distributions shown in fig. 2 are similar in that
they show an intense near-zero energy feature as well
as a higher energy band. As outlined in the pioneer-
ing work of Herman and Cermak [32], and Berry
{33], a two state potential energy curve model can
be used to rationalize the production of two bands
from the M+MO¥% associative ionization reaction
and this is shown schematically in fig. 4. In this fig-
ure, the reactants M and MO3 approach each other
on the initial surface with energy E,. When the initial
and final state potentials become degenerate, there is
a finite probability of making a transition to the final
state which is controlled by the autoionization width
I’'(R). This transition is highly localized in the cross-
ing region and produces electrons of near-zero energy
with a small spread. If a transition is not made at the

Energy /arb. units

{MO),*

2.0 2.8 3.6 4.4 5.2 6.0
Reaction Coordinate
Fig. 4. A schematic two state potential energy curve model for

the M+MO? reaction. Ordinate: energy. Abscissa: reaction
coordinate.

crossing point then the reactants proceed to the inner
turning point of the initial surface and then make
transitions to the vibrational levels of the ionic sur-
face, whose relative intensities are governed by the
Franck-Condon factors for the individual transi-
tions. This produces electrons of non-zero energy with
a spectral position and width controlled by the differ-
ence potential. This simple model would account for
the observation of two chemielectron bands.

The probability of making a transition in the re-
gion of intersection of the reactant and ionic state po-
tentials depends on the time spent in the crossing re-
gion and hence the relative velocity of the reactants.
As at a given temperature, the mean velocity is in-
versely proportional to the square root of the reduced
mass of the reactants, Ca-+CaO3 will have a higher
mean velocity than Ba+BaOj%. Hence the
Ba+BaO3 reaction is more likely to make a transi-
tion in the crossing region than the Ca+ CaO?% reac-
tion. This is consistent with the dominance of the low
energy feature in the Ba+ O, spectrum (see fig. 2).

Increasing the temperature of the furnace, which
produces the effusive metal beam, increases the metal
vapour pressure and also increases the relative trans-
lational energy of the reactants. A higher transla-
tional energy in the reactant channel is represented
by E, in fig. 4. This increase in relative translational
energy (from E, to E,) is expected to give rise to a
decrease in relative intensity of the zero-energy fea-
ture, because the time spent in the crossing region is
reduced, and the other chemielectron band will move
to slightly higher electron kinetic energy. In practice
in the Ca+ O, case, increasing the furnace tempera-
ture from 800 to 1100 K had a dramatic effect on the
spectrum with almost complete removal of the low
energy feature. The effect of furnace temperature on
the observed electron distributions for the Sr+ O, and
Ba+ O, reactions was less pronounced. In the Sr+ O,
case, the high energy feature became approximately
equal in height to the low energy band at the highest
furnace temperature used (~ 1100 K) whereas in the
Ba+0O, case there was no observable change in the
electron energy distribution on increasing the fur-
nace temperature from 800 to 1100 K.

This investigation of the chemiionization reac-
tions of calcium, strontium and barium with
O,(X3Z; ) has been extended by studying the
chemiionization reactions of these metals with
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0,(a'A;) and O(®P) and an account of this work is
in preparation [12]. The results obtained support the
chemiionization mechanism put forward in this
present work for the M+0,(X 3%, ) reactions and
show that when oxygen atoms are present in the re-
action mixture, the metal suboxide ion (M,O%) isa
product of another chemiionization reaction.

The chemiionization mechanism in this case can
be summarized as follows:

M+0-MO*, (8)
MO*+X->MO*+X , (9)
MO*+M-M,0* +e- . (10)

In this context, it is notable that BaO* and Ba,O*
were observed from the Ba+0,(X3Z; ) reaction
mixture but no MO+ and M,O™ ions were observed
from the Ca+0,(X3Z; ) or Sr+0,(X3Z; ) reac-
tions (see fig. 2). Inspection of table 1 shows that the
reaction M +0,-MO+0Ois endothermic forM=Ca
and Sr but exothermic for M =Ba. This implies that
the Ba+0,(X *Z; ) reaction is a source of oxygen at-
oms and probably proceeds with a reasonably high
rate at room temperature. This means that, even in
the absence of discharged oxygen, reactions (8), (9)
and (10) can occur to produce Ba,O*. BaO* would
then be the result of an ion-molecule reaction involv-
ing Ba,0* and BaO.

Although the associative ionization reactions re-
sponsible for production of ions and electrons from
the reaction of Ca, Sr or Ba with O, have been de-
duced in this work, the calculation of reliable enthal-
pies for the reactions involved has not proved possi-
ble because of lack of the necessary theimodynamic
values. In particular, this work has highlighted the
need for reliable bond energies and first ionization
energies for the alkaline earth metal monoxide di-
mers (M,0,) and the alkaline earth dioxides (MO,).
However, as the overall chemiionization process ob-
served in this work is reaction (7), the high kinetic
energy onsets of the experimental electron distribu-
tions, listed in table 2, can be equated with
AH,= —Dy(M~-0,-M)+AIE(M,0,). Clearly, if
values for AIE(M,0,), for M=Ca, Sr and Ba, can be
independently determined then Dy(M-0,-M) val-
ues can be derived from the present measurements.
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