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Abstract

Trace amounts (#1026 mol fraction) of lanthanum 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 metal were sprayed into the
premixed flame gas as an aerosol using an atomizer technique. The concentrations of the major neutral species present in
flames, believed to be LaO and OLaOH, are linked by the balanced reaction LaO1 H2O 5 OLaOH 1 H having an
equilibrium constantK 5 0.1859exp(211 464/T), based on a crude estimate of the bond dissociation energy for lanthanum
oxide-hydroxideD0

0(OLa–OH)5 408 6 40 kJ mol21. Metallic ions were observed by sampling the flames through a nozzle
into a mass spectrometer and, for kinetics purposes, were measured as profiles of ion concentration versus distance (i.e. time)
along the flame axis. The ions detected can be represented by an oxide ion series LaO1.nH2O (n 5 023 or more); the genuine
flame ions are thought to be LaO1 (n 5 0) and La(OH)2

1 (n 5 1), equivalent to protonated OLaOH. The two ions are linked
by the fast balanced reaction LaO1 1 H2O 1 M 5 La(OH)2

1 1 M, where M is a third body. The major ion production
processes appear to be the chem-ionization reaction OLaOH1 H ^ La(OH)2

1 1 e2, and thermal (collisional) ionization
LaO 1 M ^ LaO1 1 e2 1 M because the ionization energy IE0

0(LaO) 5 4.90 eV is low. Ion loss processes involve
dissociative electron–ion recombination. When electron-ion recombination of LaO1.nH2O was made dominant by the trace
addition of potassium, values of the global recombination coefficient are given by (17186 515)T23.060.2 cm3 molecule21

s21. The rate constant for thermal (collisional) ionization of LaO was found to be 8.03 10210 T1/ 2 exp(2IE0
0/RT) cm3

molecule21 s21. The pre-exponential factor or cross section is only 8% of that determined for the alkali metals. The rate
constant for the chemi-ionization of OLaOH is given by (5.66 1.7) 3 10212 exp(217 350/T) cm3 molecule21 s21. Although
no direct evidence was found for particle formation in these flames, both rate constants for ion production would be lower
limits if appreciable lanthanum were present as solid particles. (Int J Mass Spectrom 188 (1999) 213–224) © 1999 Elsevier
Science B.V.
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1. Introduction

Our interest in the flame ionization of lanthanum
began in 1994 with its use as a test substance for a
new flame-ion mass spectrometer [1]. It was followed

by a qualitative study of the ionization of the group 3
(or 3B) metals La, Y, and Sc in H2–O2–Ar flames [2],
which was extended to include the further lanthanide
metals Ce, Pr, and Nd in contrast with La [3]. Very
recently, we completed a quantitative study of the
chemical kinetics of yttrium ions in well-character-
ized H2–O2–N2 flames [4]. Lanthanum, like yttrium,
is believed to exist in flames not as atomic La but* Corresponding author. E-mail: goodings@turing.sci.yorku.ca
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almost exclusively as metallic compounds, mainly the
oxide LaO and the oxide hydroxide OLaOH. The
feature of primary interest for lanthanum is the very
low ionization energy of LaO with IE0

0(LaO) 5
4.906 0.10 eV [5,6]. The hydrogen flames employed
contain very little natural ionization but when they
were doped with;1026 mol fraction of lanthanum,
strong ion signals were observed compared to those
for the same concentration of yttrium. The lanthanum
ion signals increased steadily downstream in the
flames, especially in those at high temperature; a
similar behavior is observed for the alkali metals
which have low ionization energies. The inference
was that lanthanum ions were produced not only by
chemi-ionization, as for yttrium, but also by thermal
(collisional) ionization. We are not aware of a previ-
ous case in flame ionization where thermal ionization
of a molecule is a major process.

Our main objective in the present study was to
measure quantitative values of rate constants for
production and loss of lanthanum ions. The rate
constants for thermal (collisional) ionization of the
five alkali metals were found previously to be given
by the expression (9.96 2.7) 3 1029 T1/2 exp(2IE0

0/
RT), where IE0

0 is the ionization energy of the alkali
metal atom [7]. The ionization energy of LaO is
bracketed by those of sodium and potassium, i.e.

IE0
0(Na) 5 5.139 and IE0

0(K) 5 4.34l eV [5,6]. It is of
considerable interest to see whether the rate constant
for thermal ionization of LaO is in line with the
expression for the alkali metals because different
factors are involved for an atom compared with a
molecule. Although IE0

0(YO) 5 6.0 6 0.3 eV [5,8]
(or 5.856 0.15 eV [5,9]) is appreciably higher, the
thermal ionization of YO in our previous study of
yttrium [4], if present at all, might have accounted for
,1% of the yttrium ionization. Also in that study,
the rate constant for the chemi-ionization of yttrium
was determined to be (2.76 0.8) 3 10212

exp(222 452/T) cm3 molecule21 s21, and it is of
interest to compare it with the corresponding value for
lanthanum, the next higher metal from the same
chemical group. Ion loss processes will involve dis-
sociative electron–ion recombination although the
molecular ions can lead to a variety of neutral
products.

2. Experimental

Five, premixed, laminar, H2–O2–N2 flames at at-
mospheric pressure of fuel-rich composition (equiva-
lence ratiof 5 1.5) in the temperature range 1820–
2400 K were employed for this work, and their

Table 1
Properties of the hydrogen–oxygen–nitrogen flames

Property/flame number 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

(mol fractions)
H2O 0.346 0 0.306 3 0.275 4 0.255 3 0.224 9
H2 0.128 6 0.152 7 0.162 2 0.139 0 0.125 9
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 0.515 7 0.537 5 0.561 0 0.605 2 0.649 0
LaO (% of total lanthanum) 92 89 89 87 83
OLaOH (% of total lanthanum 8 11 11 13 17
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properties are listed in Table 1. These flames were
originally characterised by Kittelson [10] who mea-
sured their rise velocities and temperatures in the
burnt gas by sodiumD-line reversal [11] using burner
systems essentially identical to ours. Allowing for the
slight variation in the measured temperature profiles
downstream and the accuracy of the flowmeter set-
tings [10], the temperature in each case is within650
K (,63%) of the value quoted in Table 1 for the
range from 5 to 30 mm downstream of the reaction
zone; it is about 65 K lower than the calculated
adiabatic flame temperature. The calculated composi-
tions of the equilibrium burnt gas are based on the
JANAF Tables [12]. The concentrations of free radi-
cals, primarily H, OH, and O, overshoot their equi-
librium values in the reaction zone of each flame and
then decay downstream toward 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 given in Table 1. 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 em-
ployed here, Butler and Hayhurst [14] have measured
g as a function of distancez along the flame axis, i.e.
the radical concentrations are known at all points in
the flames. Even atz 5 30 mm downstream in flames
3, 4, and 5,g Þ 1. All five fuel-rich flames are
cylindrical in shape with a diameter of about 12 mm.
For purposes of chemical kinetics, they are pseudo-
one-dimensional (flat) in plug flow with rise velocities
in the burnt gas given in Table 1. The flames are
stabilized on a water-cooled brass burner previously
described [1].

Lanthanum was introduced into the flames by
spraying an aqueous solution of a lanthanum salt into
the premixed flame gas as an aerosol derived from an
atomizer described previously [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 lin-
earity when the solution concentration exceeds

roughly 0.2 M. The lanthanum-doped flames were
pale green in colour with a bluish reaction zone near
the burner face. In some cases, it was desirable to
introduce potassium along with the lanthanum. A
convenient way to change the concentration ratio of
the mixed solution was to set up two burettes contain-
ing fairly concentrated solutions of the two metallic
salts. Aliquots drawn from each, when diluted with
distilled water, provided a wide range of concentra-
tions and their ratios. The salts used to make up the
solutions were La(NO3)3.6H2O (Aldrich, 99.999%)
and KNO3 (Fisher,.99.9%).

The burner was mounted horizontally on a motor-
ized carriage with calibrated drive coupled to theX
axis of anXY recorder. The flame axisz was accu-
rately aligned with the sampling nozzle of the mass
spectrometer. Two types of conical sampling nozzles
[1] were employed in these studies: one with a tiny
electron microscope lens of Pt/Ir alloy swaged into the
tip of a stainless steel cone with an orifice diameter of
0.170 mm; and one in the form of a 60°, sharp-edged,
electroformed, nickel cone with an orifice diameter of
0.198 mm at the tip. The latter type has a smaller
thermal boundary layer such that the formation of ion
hydrates is minimized; these hydrates form as a result
of the cooling, which occurs during sampling of the
flame gas into the mass spectrometer.

The whole apparatus including the mass spectrom-
eter has already been described in detail [1] 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 theXY
recorder. Ion signal magnitudes measured in the
figures given as a voltage (in millivolts) refer to the
collected ion current passing through a grid-leak
resistor of 1010 V. By driving a flame toward the
sampling nozzle, the profile of an individual ion
signal versus distance along the flame axisz can be
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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 obtained from
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 (since no measurable
flame ion signal exists below 12 u), and TPI145

includes all of the lanthanum ions LaO1.nH2O (n 5
0–3 or more).

3. Results and discussion

3.1. Neutral lanthanum species in flames

The aerosol droplets from the atomizer dry out in
the premixed flame gas and enter the burner as
crystallites of La(NO3)3.6H2O. When the crystallites
warm up in the preheat zone and early reaction zone,
they dissociate to produce atomic La initially. A
subsequent series of fast bimolecular reactions could
result in a variety of molecular species including the
oxide, hydroxides and oxide-hydroxide; e.g.

La 1 OH3 LaO 1 H (1)

La 1 H2O3 LaO 1 H2 (2)

La 1 H2O 5 LaOH 1 H (3)

LaOH 1 H2O3 La(OH)2 1 H (4)

La(OH)2 1 H2O3 La(OH)3 1 H (5)

It is assumed that the oxide and oxide-hydroxide are
linked by the balanced reaction (denoted by the equals
sign)

LaO 1 H2O 5 OLaOH 1 H (6)

as was shown to be the case in flames for the group 13
(or 3A) metal aluminum [16], another metal with

three valence electrons that has good thermodynamic
data available [12]. For aluminum, the monohydrox-
ide AlOH is a fairly major species [16], but not the
oxide AlO whose bond strength is much less than that
of LaO. Back donation of electron density from the O
atom to form the very strong La–O bond argues
against the formation of appreciable LaOH. For ex-
ample, radical attack at the H atom for the production
of the oxide is favoured thermodynamically

LaOH 1 H, OH3 LaO 1 H2, H2O (7)

In fact, we have argued previously that none of the
neutral lanthanum hydroxides have appreciable con-
centrations in flames [2]. It is noteworthy that the
elimination of water from the higher hydroxides leads
back to the oxide and oxide-hydroxide

La(OH)2 3 LaO 1 H2O (8)

La(OH)3 3 OLaOH 1 H2O (9)

In summary, the available evidence suggests that LaO
and OLaOH are the major neutral species in flames,
linked by the fast balanced reaction (6); the equilib-
rium concentrations of atomic La and the hydroxides
are assumed to be negligible. A similar conclusion
was reached for yttrium [4].

A crude estimate of the relative concentrations of
LaO and OLaOH at equilibrium can be made by setting
the equilibrium constantK6 5 exp(2DG6

0/RT) for reac-
tion (6) with DG6

0 5 DH6
0 2 TDS6

0. For this reaction,
DH6

0 5 D0(H–OH) 2 D0(OLa–OH);D0(OLa–OH) has
been previously estimated to be 4086 40 kJ mol21

(4.236 0.41 eV) [2] andD0(H–OH) 5 498 6 4 kJ
mol21 [17] (5.166 0.04 eV), giving DH6

0 ' 90 kJ
mol21. A rough value ofTDS6

0 has been estimated from
other species in the13 oxidation state for which
thermodynamic data are available in the JANAF Tables
[12]. In the temperature range 1820–2400 K,TDS6

0

varies from230.9 to239.1 kJ mol21 for aluminum and
from 239.5 to 246.8 kJ mol21 for boron. Overall,
higher mass favours the smaller absolute value although
the translational contribution toDS6

0 for lanthanum is
larger. As a compromise in formulatingDG6

0 for lantha-
num, the DS6

0 values for aluminum at each flame
temperature have been assumed, together with the con-
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stant value ofDH6
0 5 90 kJ mol21; the dependence of

DG6
0 on DS6

0 is not very sensitive. Values ofK6 5
exp(2DG6

0/RT) were calculated at each flame tempera-
ture to give [OLaOH]/[LaO]5 K6[H2O]/[H]; in this
temperature range, the least-squares fit of a straight line
to a plot of ln K6 versus 1/T yields K6 5 0.1859
exp(211 464/T). Using [H2O] and [H] from Table 1, the
percentages of total lanthanum present in each flame as
[OLaOH] and [LaO] were obtained, and are given at the
bottom of Table 1; the metallic ions constitute only a
negligible fraction of the total metal present. The per-
centages range from 8% OLaOH, 92% LaO in the hot
flame 2 to 17% OLaOH, 83% LaO in the cooler flame 5.
Because reaction (6) involves the radical H, the relative
concentrations of the two metallic species depend on the
disequilibrium parameterg, and vary in the burnt gas
whereverg varies. Exactly analogous equations for theg

dependence have already been given for yttrium [4].

3.2. Lanthanum ion reactions in flames

The H2–O2–N2 flames contain only a small degree
of natural ionization produced by the chemi-ioniza-
tion reaction [18]

H 1 H 1 OH^ H3O
1 1 e2 (10)

With H3O
1, OLaOH and LaO can undergo chemical

ionization reactions by proton or electron transfer

H3O
1 1 OLaOH^ H2O 1 La(OH)2

1 or

HOLaO.H1 (11)

H3O
1 1 LaO^ H2O 1 H 1 LaO1 (12)

both of which are exothermic. We have argued
previously for the group 3 (or 3B) metals [2] that the
ionization receives an initial boost from the chemi-
ionization reaction [19,20]

La 1 O^ LaO1 1 e2 (13)

because [La] may be appreciably close to the flame
reaction zone and [O]5 g2[O]eq. Further down-
stream, a major source reaction is believed to be the
chemi-ionization process [2]

OLaOH 1 H ^ e2 1 La(OH)2
1 or LaO1.H2O (14)

Since the odd electron in LaO is only weakly bound
leading to the low value of IE0

0(LaO) 5 4.90 eV and
since LaO is a major neutral metallic species, thermal
(collisional) ionization might be expected to proceed
at a high reaction rate

LaO 1 M ^ LaO1 1 e2 1 M (15)

where M is a third body. In general, the two metallic
ions can be linked by the fast balanced reaction

LaO1 1 H2O 1 M 5 La(OH)2
1 1 M (16)

The lanthanum ions observed in each of the five
flames are shown in Fig. 1 with the atomizer spraying
a 0.05 M solution of La(NO3)3.6H2O; the flames were
sampled downstream atz 5 30 mm using a conical
nickel nozzle of orifice diameter 0.198 mm. The
observed ions can be represented by a hydrate series
LaO1.nH2O (n 5 0,1,2, . . .); the twoprincipal ions
are those withn 5 0 and 1, the latter equivalent to

Fig. 1. Mass spectra of the lanthanum ions LaO1.nH2O (n 5 0, 1,
and 2) in the five fuel-rich flames measured atz 5 30 mm
downstream for the temperature range 1820–2400 K with the
atomizer spraying a 0.05 M solution of La(NO3)3.6H2O.
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La(OH)2
1. The total lanthanum positive ion signal

TPI145 increases with increasing flame temperature as
does the ratio [LaO1]/[La(OH)2

1]. The higher hydrate
with n 5 2 shows a relative increase with decreasing
flame temperature but is probably not a genuine flame
ion to any extent. Its signal will be enhanced by
cooling in the boundary layer at the nozzle during
sampling although it could arise by proton transfer to
La(OH)3 if the trihydroxide were present. Tiny signals
of still higher hydrate ions withn 5 3 and even 4
have occasionally been observed but they are also
ascribed to sampling artefacts. These higher hydrates
are produced by fast balanced reactions which should
have high rates because H2O is such a major combus-
tion product

LaO1.(n 2 1)H2O 1 H2O 1 M

5 LaO1.nH2O 1 M (17)

where the third body M may, or may not, be required.
Ion loss processes involve dissociative electron–

ion recombination. For La(OH)2
1, the back reaction

(214) is appropriate although

La(OH)2
1 1 e2 3 LaO 1 H2O (18)

might occur in addition. For LaO1, presumably three-
body recombination by reaction (215) would be slow
compared with (213), the two-body dissociative
channel.

3.3. Recombination of lanthanum ions with
electrons

In order to measure the rate constant of ion
production by both thermal (collisional) and chemi-
ionization, it is first necessary to consider their loss by
electron–ion recombination. The objectives here were
to form a relatively high concentration of lanthanum
ions LaO1.nH2O rapidly near the flame reaction zone
and then to assure that the recombination reaction was
dominant downstream in the burnt gas. The global
recombination reaction

LaO1.nH2O 1 e2 3 neutral products (19)

is taken to include reaction (214) and perhaps reac-
tion (18) for La(OH)2

1, as well as reaction (213) for
LaO1. A small amount of potassium nitrate KNO3

was added to the atomizer solution to raise the
concentration of free electrons in the flames, thereby
enhancing the rate of recombination. Potassium atoms
are chemically ionized initially by H3O

1 to some
extent [21]

H3O
1 1 K 3 K1 1 H2O 1 H (20)

but progressively ionize further downstream by ther-
mal (collisonal) ionization [7]

K 1 M ^ K1 1 e2 1 M (21)

There is no evidence that potassium interacts with
lanthanum by any process other than its effect on
recombination through [e2]. It was necessary to
adjust the concentrations of both La(NO3)3.6H2O and
KNO3 in the atomizer solution rather carefully so that
(i) H3O

1 disappears quite rapidly downstream to
maximize the region in which LaO1.nH2O recombi-
nation is dominant, and (ii) LaO1.nH2O falls to a
value near zero atz 5 30 mm downstream, indicating
that lanthanum ion production by both thermal (col-
lisional) and chemi-ionization is negligible.

Figure 2 presents profiles for flame 5 with the
atomizer spraying a mixed aqueous solution of 0.0048
M La(NO3)3.6H2O and 0.0015 M KNO3. At these
concentrations, the profiles fulfill the conditions out-
lined in (i) and (ii). The TPI145 signal includes only
the lanthanum ions LaO1.nH2O. Because negative
ions are negligible in fuel-rich flames, the TPI12

profile that measures the sum of all positive ions gives
[e2] because a flame is a quasi-neutral plasma. From
reaction (19), 2d[TPI145]/dt 5 k19[TPI145][e

2] 2

(ion production term) withv 5 dz/dt 5 8.4 m s21

from Table 1. Figure 3 shows a plot of2vd[TPI145]/
dz versus [TPI145][e

2] which gives a good straight
line in the rangez 5 9–30 mm wherek19 is the slope;
the determination required the measurement of a
calibration/conversion factor of 1 mV5 1.1423

107 ions cm23. The value of the recombination
coefficientk19 5 2.66 3 1027 cm3 molecule21 s21.
The fact that the straight line passes close to the origin
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shows that ion production is small under the condi-
tions chosen, in accordance with condition (ii). Ex-

periments were also carried out in which 0.25 mol %
of the hydrocarbon CH4 was added in addition to
increase H3O

1 near the reaction zone in an attempt to
raise the TPI145 signal by reactions (11) and (12).
Although thetechnique was helpful in our studies of
yttrium ion recombination [4], here the lanthanum
ion signal was already so large that the CH4

addition made little difference, and the method was
not pursued further.

Values ofk19 were also measured in flames 4, 3,
and 25 but the experiments in flame 2 were not
successful, and the ion profiles in Fig. 4 demonstrate
this failure. With the atomizer spraying the same
mixed solution of 0.0048 M La(NO3)3.6H2O and
0.0015 M KNO3, the K1 ion intensity was over 1400
mV but the TPI145 signal remained far above zero at
z 5 30 mm downstream, in violation of condition
(ii). In Fig. 4, it can be clearly seen that there is still
a lot of ion production far downstream. As a conse-
quence, the slope of a recombination plot gavek19 5
3.18 3 1028 cm3 molecule21 s21, a value which is
too low compared with a typical recombination coef-
ficient of ;1 3 1027 cm3 molecule21 s21. When a
higher concentration of KNO3 was used to suppress

Fig. 2. Ion profiles along the axis of flame 5 with the atomizer
spraying a solution of 0.0048 M La(NO3)3.6H2O and 0.0015 M
KNO3 such that electron–ion recombination of the LaO1.nH2O
ions is the dominant process downstream. The flame reaction zone
is located upstream ofz 5 0.

Fig. 3. Recombination plot of2 vd[TPI145]/dz vs. [TPI145] 3
[TPI12] where [TPI12] 5 [e2] in the rangez 5 9–30 mm using the
profiles from Fig. 2 for flame 5 with the atomizer spraying a
solution of 0.0048 M La(NO3)3.6H2O and 0.0015 M KNO3.

Fig. 4. Ion profiles along the axis of the hot flame 2 with the
atomizer spraying a solution of 0.0048 M La(NO3)3.6H2O and
0.0015 M KNO3 in an unsuccessful attempt to measure electron–
ion recombination of the LaO1.nH2O ions. The flame reaction zone
is located upstream ofz 5 0.
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the ion production further, “beam spreading” was
evident [22,23]. That is, the beam current correspond-
ing to TPI12 was so large that it was reduced by the
mutual Coulombic repulsion of positive ions in the
radial direction causing a low (incorrect) value of
TPI12.

The same procedures were carried out for the four
fuel-rich flames listed in Table 1 spanning the tem-
perature range from 1820 to 2230 K. The results of
many determinations of the recombination coefficient
are given in Fig. 5 as a plot of logk19 versus logT.
The least-squares fit of a straight line through the data
points gives k19 5 (1718 6 515) T23.060.2 cm3

molecule21 s21 with a negative temperature depen-
dence. For flame 2,k19 5 9.103 1028 cm3 mole-
cule21 s21 can be determined from the plot in Fig. 5.
Simple theory indicates aT21.5 temperature depen-
dence of the electron–ion recombination coefficient in
the context of flames [24]. It is clear that our exper-
imental temperature coefficient for lanthanum ions is
higher, although a rather high value ofT22.360.6 was
also obtained for the recombination of yttrium ions
[4].

3.4. Production of lanthanum ions

Profiles for total lanthanum ionization measured as
TPI145 are presented in Fig. 6 for the five fuel-rich
flames with the atomizer spraying a 0.01 M solution
of La(NO3)3.6H2O. At this relatively low concentra-
tion, each profile rises near the reaction zone but a
differing trend in the downstream behaviour is evi-
dent. For flames 3, 4, and 5, the ion signal reaches an
approximately constant plateau value downstream
indicative of equilibrium for ion production and ion
loss. This suggests that chemi-ionization is the dom-
inant process in these low-temperature flames in
analogy with our previous study of yttrium ionization
[4]. For yttrium, it was shown that chemi-ionization
was the only reasonable production process to balance
the loss of ions by electron–ion recombination. For
the hot flames 2 and 25, the lanthanum profile exhibits
a steady increase downstream indicative of an addi-
tional production process. The obvious production
process is thermal (collisional) ionization because the
ionization energy of LaO is low, between those of Na
and K; a similar profile shape is observed for the
alkali metals in these flames [7]. This suggests that

Fig. 5. Logarithmic plot of the global recombination coefficientk19

vs. temperatureT in the range 1820–2230 K. The solid line fitted
by least squares exhibits aT23.060.2 dependence, for comparison
with the dashed line giving theT21.5 dependence expected from
simple theory.

Fig. 6. Total lanthanum ion profiles with the signal measured as
TPI145 along the axis of the five fuel-rich flames with the atomizer
spraying a 0.01 M solution of La(NO3)3.6H2O. The flame reaction
zone is located upstream ofz 5 0.
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thermal (collisional) ionization plays a major role at
high temperature. For the profiles in Fig. 6,d[TPI145]/
d t 5 k1 4[OLaOH][H] e qg 1 k1 5[LaO][M] 2
k19[TPI145]

2 because [TPI145] ' [e2]; any small
contribution from reaction (10), if present, has been
ignored. Suppose that the rate constant for thermal
ionization of the alkali metals is assumed, i.e.,k15 5
AT1/ 2 exp(2IE0

0/RT) cm3 molecule21 s21 with A 5
(9.9 6 2.7) 3 1029 [7]. As defined, theA factor is a
constant, independent of temperature; it departs from
the usual definition of the Arrehenius pre-exponential
factor whereT1/ 2 is included inA. For flames 4 and
5, the left-hand derivative in the kinetic equation was
set equal to zero; for flame 3 whose ion profile in Fig.
6 has a very slight upward slope, curve fitting was
employed. For all three flames, however, the assump-
tion of the alkali-metal value fork15 leads to a value
of the chemi-ionization rate constantk14 which is
negative. This indicates thatk15 for molecular LaO
must be different from that for the atomic alkali
metals. If the temperature dependence for thermal
ionization is assumed to be the same for the molecule
and the atoms, theA factor can be adjusted so that
bothk14 andk15 fit the kinetic equation. The fit occurs
when A is decreased from 9.93 1029 to 8.03
10210, i.e., k15 5 8.0 3 10210 T1/ 2 exp(2IE0

0/RT)
cm3 molecule21 s21 with IE0

0(LaO) 5 4.90 eV. The
temperature dependencies of (a)k14 for OLaOH, (b)
k15 for LaO using the original alkali-metal expres-
sion, and (c)k15 for LaO using the modified expres-
sion with reducedA factor are presented in Fig. 7 as
plots of ln k versus lnT.

The rate constantk14 for chemi-ionization of
OLaOH 1 H was determined in the five fuel-rich
flames with the atomizer spraying two different solu-
tion concentrations of 0.01 and 0.05 M
La(NO3)3.6H2O. The results giving the temperature
dependence are shown in Fig. 8 as a plot of lnk14

versus 1/T, from whichk14 5 (5.6 6 1.7) 3 10212

exp(217 350/T) cm3 molecule21s21. The expres-
sion yields values in the range (4.1–41)3 10216 cm3

molecule21 s21 corresponding to 1820–2400 K, re-
spectively, with the expected positive temperature
dependence. These values are small compared with
those for the chemi-ionization of barium (one atomic

number lower than lanthanum) by the reactions Ba1
OH and/or BaO1 H. The latter has rate constants of
(1.2–16.7)3 10214 cm3 molecule21 s21 for the same

Fig. 7. Logarithmic plots of the rate coefficientsk for ion produc-
tion vs. temperatureT: (a) k14 for the chemi-ionization of
OLaOH 1 H; (b) k15 for the thermal ionization of LaO using the
original alkali metal expression; and (c)k15 for LaO using the
modified expression with reduced pre-exponential factor.

Fig. 8. Semilogarithmic plot of lnk14 vs. l/T for the chemi-
ionization reaction of OLaOH1 H with the atomizer spraying
La(NO3)3.6H2O solutions of concentrations 0.01 M (solid circles)
and 0.05 M (open circles).
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temperature range [23], larger by an approximate
factor of 35. However, the values ofk14 for lantha-
num are large compared with those for the similar
chemi-ionization reaction of yttrium by OYOH1 H,
which gives (1.2–23.4)3 10217 cm3 molecule21 s21

for the same temperature range [4], smaller by an
approximate factor of 25.

3.5. Thermal (collisonal) ionization of LaO

For thermal ionization, the experimental finding
that theA factor for molecular LaO is only 8% of that
for atomic alkali metals warrants further discussion.
Hollander et al. [25] proposed and others have dis-
cussed [26,27] the flame ionization of the alkalis, as in
reaction (21) for potassium, in terms of two elemen-
tary steps for a Lindemann process

X 1 M j ^ X* 1 M j (22)

X* 1 M j 3 X1 1 e2 1 M j (23)

where X is ionized by collisions with a partner Mj;
in our fuel-rich flames, the dominant collision
partners are N2, H2O, and H2. Experimentally for
all the alkali metals, theA factor in k21 is anoma-
lously large, i.e., over a thousand times greater than
the gas kinetic value given in braces fork21 5
{(8k/pmX,M)1/2psX,M

2} T1/2exp(2IE0/RT) from
simple collision theory; here,k is the Boltzmann
constant,mX,M is the reduced mass, andpsX,

2
M is

the collision cross section for hard spheres. To
explain the discrepancy, Hollander et al. [25] pro-
posed a “ladder-climbing” model in which all the
electronically excited states of X are thermally
populated by reaction (22) in equilibrium with the
ground state, and X* is in any one of the very large
number of states within;kT of the ionization
threshold. A final collision of X* produces ioniza-
tion by reaction (23); experimental evidence sug-
gests that most of these are elastic collisions [26].
Recognize thatkT ; 0.18 eV at an average flame
temperature of 2100 K. This model appears to
provide a satisfactory explanation for the anoma-
lously largeA factor.

Although theA for thermal ionization of LaO is

only 8% of that for the alkalis, it is still anomalously
large, i.e. approximately a hundred times greater than
the gas kinetic value. A mechanism involving reac-
tions (22) and (23) might be applicable with a
different “ladder” of energy states that are vibrational
rather than electronic. The Morse-type potential en-
ergy curves for LaO and LaO1 are deep; large
dissociation energiesD0

0(La–O) 5 8.27 eV and
D0

0(O–La1) 5 8.95 eV have been determined for
these very strong bonds [28]. Preliminary calculations
using theGAUSSIAN 94 programme indicate that the
equilibrium internuclear separation of LaO1 is only
slightly smaller than that of LaO, and the vibrational
energy spacings are close to 0.1 eV [29,30]. Thus, the
LaO1 curve lies almost directly above that of LaO
separated by IE0

0(LaO) 5 4.90 eV; allowing for a
slight convergence of the higher vibrational levels,
perhapsv ' 60 of LaO might be in approximate
coincidence withv 5 0 of LaO1. More specifically,
two or even three excited vibrational levels of LaO
would be within ;kT of v 5 0 for LaO1. The
rotational levels of these states would provide a closer
energy match. Presumably the conservation of both
energy and angular momentum can be satisfied by the
separation of the products LaO1, Mj, and e2. The
cross section orA factor for reaction (23) depends on
the mutual overlap of the wave functions whose
amplitude will be large forv 5 0 of LaO1 but very
small in the middle Franck–Condon region ofv ' 60
for LaO. The actual situation might be helped by the
fact that Huber and Herzberg [30] list six electroni-
cally excited states of LaO below 4.9 eV, and each
may participate in a similar manner. Nevertheless, the
very low transition probability for the ionization step
when such highly excited vibrational levels are in-
volved does not provide a good basis for anA factor
about a hundred times greater than the gas kinetic
value.

Perhaps a better answer lies in a mechanism very
similar to the atomic case involving high-Rydberg
states of molecular LaO. The existence of these states
is reviewed in a book chapter entitled “High-Rydberg
Molecules” by Freund [31]. In the “core ion model”
applied to LaO, a highly excited electron in a Rydberg
state orbits far away from the LaO1 ionic core. The
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molecular case differs from the atomic one in that the
core can have vibrational and rotational excitation,
and also can dissociate. In the present case for LaO3
LaO1, dissociation requires much higher energy and
therefore is not of primary interest. In one possible
scenario, the core ion is in its electronic ground state
but is vibrationally excited. “The Rydberg electron,
on one of its infrequent passes through the core
region, collides superelastically with the core and
gains sufficient kinetic energy at the expense of
vibrational energy to become ionized. This is called
vibrational autoionization” [31]. For any series of
energy states between the same two energy limits, the
population of each decreases as the number of states
increases because the population of theith stateNi }
1/q where q is the total partition function. If the
various energies are only loosely coupled,q 5 qt qr

qv qe for the translational, rotational, vibrational, and
electronic contributions. IfNi for an ionizing Rydberg
state is compared for LaO and an atom of equivalent
mass so thatqt is the same, (Ni)LaO/(Ni)atom 5
(qe)atom/(qrqvqe)LaO. It is the ratio of the electronic
partition functions reduced byqr and qv in the
denominator. Using data for the groundX 2S1 state
of LaO [30] at 2100 K,qr 5 4140 andqv 5 2.34.
The reduction of the cross section orA factor of
LaO of 8% of that for an alkali metal would require
(qe)atom 5 775 (qe)Lao. There is an implicit assump-
tion here that theA factor is proportional to the
occupation numbersNi of the high-Rydberg states.
From the energy level diagram for an alkali metal
[32], it is possible that itsqe is greater than theqe

for LaO but the latter is difficult for us to assess
when Rydberg states are involved. Clearly a de-
tailed theoretical study of molecular thermal ion-
ization would be very helpful. We are not aware of
other examples for the thermal ionization of a
stable molecule having a suitably low ionization
energy which are experimentally tractable.

4. Summary and conclusions

The ionization of lanthanum was investigated in
five fuel-rich H2–O2–N2 flames. The global electron–

ion recombination coefficient of the LaO1.nH2O ions
(primarily LaO1 and La(OH)2

1) in the temperature
range 1820–2400 K was measured to bek19 5
(17186 515) T23.060.2 cm3 molecule21 s21, corre-
sponding to values of 2.1–0.93 1027, respectively,
typical of so many simple molecular ions in flames.
The relatively strongT23.060.2 temperature depen-
dence is significantly different from theT21.5 depen-
dence predicted by simple theory.

Lanthanum ion production appears to occur pri-
marily by way of the chemi-ionization of OLaOH1
H in low-temperature flames. As the temperature
increases, thermal (collisional) ionization of LaO1
M gradually takes over and plays a major role. The
percentage ratio of chemi-ionization to thermal ion-
ization is estimated to be 96/4 at 1820 K (flame 5)
decreasing to 41/59 at 2400 K (flame 2). This behav-
iour is in contrast to yttrium ionization where the
thermal ionization of YO never exceeds 1% in these
flames due to its higher ionization energy, i.e. 5.85 eV
instead of 4.90 eV for LaO. At a given temperature in
this range, the rate coefficientk14 for the group 3
lanthanum chemi-ionization reaction is roughly 35
times smaller than that for the counterpart reaction
with barium (BaO1 H, or Ba1 OH), the adjacent
group 2 metal. However,k14 is about 25 times larger
than that for the same reaction with yttrium, the next
lower group 3 metal. Also, the pre-exponential factor
or cross section ofk15 for the thermal ionization of
LaO appears to be,10% of that for the alkali metals.
A tentative explanation is discussed involving the
high-Rydberg electronic states, but also the rotational
and vibrational states, of LaO. Finally, it should be
noted that the measured values for bothk14 and k15

would amount to lower limits if any appreciable
fraction of the lanthanum metal was present in these
flames as solid particles. However, no direct evidence
for solid particle formation was found in these studies.
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