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Room-temperature rate coefficients and product distributions are reported for the reactions of ozone with the
cations and dications of the alkaline-earth metals Ca, Sr, and Ba. The measurements were performed with a
selected-ion flow tube (SIFT) tandem mass spectrometer in conjunction with either an electrospray (ESI) or
an inductively coupled plasma (ICP) ionization source. All the singly charged species react with ozone by
O-atom transfer and form monoxide cations rapittly; 4.8, 6.7, and 8.% 10 %° cm® molecule® s~ for the
reactions of C&, Sr", and Bd, respectively. Further sequential O-atom transfer occurs to form dioxide and
trioxide cations. The efficiencies for all O-atom transfer reactions are greater than 10%. The data also signify
the catalytic conversion of ozone to oxygen with the alkaline-earth metal and metal oxide cations serving as

catalysts. C& reacts rapidly with @by charge separation to form Ca@nd Q" with a rate coefficient of

k=1.5x 107° cm® moleculel s71. In contrast,

the reactions of&rand Ba" are found to be slow and add

03, (k= 1.1 x 10 cm?® molecule! s%). The initial additions are followed by the rapid sequential addition
of up to five &; molecules with values df between 1 and 5 101°cm?® molecule ! s™1. Metal/ozone cluster
ions as large as 31(03)s and B&"(03), were observed for the first time.

1. Introduction

The first study of reactions of alkaline-earth metal cations
with ozone was reported in 1968 when it was found that-Mg
and C4d react rapidly to form oxide cations with rate coefficients
of the order of 2x 107 cm® molecules! s 1. More
complicated ions also were formed in sequential chemistry,
including the di- and trioxide cations, as well as oxide ions
containing two and three metal atodmSince that time, the rate
coefficient for the Md reaction was remeasured and a value 3
times higher was foun8These ions were chosen for study in

part because of the application to the earth’s ionosphere where

they can appear as a consequence of the ablation of interplan
etary dust particlek* Very recently the group of Plane has
reported kinetic results for reactions between (4S,,,) and

03, 02, N2, CO,, and HO 5 These reactions were studied using
two techniques: the pulsed laser photodissociation at 193 nm
of an organe-calcium vapor, followed by time-resolved laser-
induced fluorescence spectroscopy of *Cat 393.37 nm
(Caf(42P;,-42S;/9)), and the pulsed laser ablation at 532 nm
of a calcite target in a fast flow tube, followed by mass
spectrometric detection of CaThe rate coefficient for the
reaction with Q was found to be essentially independent of
temperature between 189 and 312 K with a value of (8.9
1.2) x 10710 cm?® molecule® s%

An inductively coupled plasma (ICP) recently was employed
as a source for atomic metal ions in conjunction with a selected-
ion flow tube (SIFT) apparatus at York UniversftyThis
combination has proven to provide a powerful tool for studies
of chemical reactions with atomic cations including the heavier
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alkaline-earth metal cations €z5rt, and Ba.”° Also, a triple-
guadrupole mass spectrometer (with extended mass range) now
has been added after the flow tube, and this configuration,
symbolized as ICP/qQ/SIFT/QQqQ (q represents a focusing only
quadrupole ath Q a mass-selective one), provides even more
versatility in such studies. The latest change of the experimental
setup was to interface an electrospray ionization (ESI) source
with the SIFT apparatu®. This most recent experimental
configuration, symbolized as ESI/qQ/SIFT/QqQ, was designed
primarily for the investigation of biological cations and anions,
but it also allows studies of reactions with atomic cations and
dications. Both combinations have been employed in the present

work in the measurement of rates and product distributions for
reactions of ozone with the cations and dications of Ca, Sr, and
Ba, and the two means of cation formation (ICP and ESI) are
compared with each other. Ozone can be expected to oxidize
all these cations since it has a particularly low—@ bond
strength. Reactions of ozone with dications appear not to have
been reported previously.

This paper represents the first in a series of studies of ozone
reactions that exploit the unique SIFT capabilities of the York
University laboratory in combination with the considerable
experience of the Air Force Research Laboratory (AFRL) group
with ozone chemistry. The latter has shown that only reactions
for which the Q rate coefficient is roughly 20 times larger than
that for G, can be easily studied, since thg i® generated as a
dilute mixture in Q (3—5%)1115 Since Q is rarely reac-
tive 816:17this is usually not a serious constraint.

2. Experimental Section

The experiments were performed with a multisource, multi-
sector selected-ion flow tube tandem mass spectrometer,
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symbolized as ESI(ICP)/qQ/SIFT/QqQ, developed in the lon electronic configuration. Bimolecular reaction channels that
Chemistry Laboratory at York University. The atomic ions were are stoichiometrically possible for reactions of these dications
generated either in an ICBr an ESI?source with a microspray  with molecular oxygen are indicated in reaction 1.
emitter needle.

Cations and dications of Ca, Sr, and Ba were generated

with ESI from 30xM solutions of calcium acetate in 100% M* 4+ 0,—MO*" + 0 (1a)
methanol, strontium acetate in water/methanol (80/20), and

barium chloride in water/methanol (80/20). For the generation —MO* +0* (1b)
of atomic cations in the ICP, solutions containing the metal salt -

of interest with concentration of approximately§ L1 were —MO+0 (1c)

peristaltically pumped via a nebulizer into the plasma. The
preparation of the solutions has been described previdisig.
alkali earth cations emerge from the ICP in a large excess of
ety 9 9 —M+02" (Le)
The bare cations and dications emerging from the ICP or the
ESI source are mass selected and injected through a Venturi-
type aspirator into the flow tube that is flushed with helium at
0.354 0.01 Torr. Before reaching the reaction region, the ions ¢ thermodynamics for the oxidation of the doubly charged

undergo multiple collisions with helium~4 x 109 to Ensureé  jons c&+, S+, and B&' to form oxide dications M@,
ELinflfltill?nrlatl)ltﬂfeerrmgizeallttlg:{s-rgr?sli:gg PhL;T?heg g{;r?]lilés:gzz ‘:\ggqchreaction 1a, is not well-known but will be endothermic unless
a translational temperature equal to the tube temperature of 2920A(M2+) > D(O) = 124 keal mofl. IE(M) = IE(Q) g 13'618
+ 2 K prior to entering the reaction region. The ions are allowed €V SO that O-atom transfer with charge separation (reaction 1b)
to react with added neutral gas in the reaction region, and then!S endothermic, as is reaction 1c, which would require the double
they are sampled along with product ions and analyzed in a ionization of O, I5(O) + IEx(O) = 48.74 eV. Single-electron
triple-quadrupole mass spectrometer. The reactant and productransfer (reaction 1d) is endothermic by at least 0.20 eY HE

ion signals are monitored as a function of the flow of the reagent 11.871 (Ca), 11.030 (Sr), 10.004 eV (B&))Two-electron
gas. Primary rate coefficients are determined from the observedtransfer (reaction 1e) is probably endothermic as well: the sum
semilogarithmic decay of the primary reactant ion intensity using of the first two ionization energies of Ca, Sr, and Ba is as high
pseudo-first-order kinetics. The rate coefficients for the primary as 17.98 eV (for Ca) but almost certainly still too small to lead
reactions reported herein have an absolute accuracy estimategy, the double ionization of ©or the formation of two O via

to be £30%. reaction 1f). So bimolecular iermolecule reactions of G,

The ozone generator and detection system are the onesSerr, and B&* with O, are not expected, and they were not

. . 15
;se:r:gr:ter;uEbe;go;nexpoexrlmeegtsaast ttk?riuAh ari (gjr Zgngsv_oobserved. Some L£addition was observed with Brand B&*
9 yp g oxygen g 9 with effective bimolecular rate coefficients af6.5 x 1013

ozonator. The absolute concentration o @ measured .

by optical absorption at 248 nm using a Perkin-Elmer Lambda aNd 1.3x 10712 cm® molecule™ s~ respectively.

10 UV—vis spectrometer. The total pressure in the absorption 3.2, Stoichiometry and Thermodynamics of Reactions with
cell is also measured. Combining the concentration and o, |n contrast to oxygen, observable bimolecular reactions are
pressure measurements shows that the percentage wh® expected with ozone. The very weak-@D bond in ozone,

—M"+0," (1d)

—M+0"+0" (1f)

~4.5%. D(0,—0) = 25.54 0.1 kcal mott, makes the oxidation of the

3. Results and Discussion alkaline-earth metal cations, reaction 2a, exothermic by at least
3.1. Stoichiometry and Thermodynamics of Reactions with ~ 45-9 kcal mof*. Reaction 2b might be less exothermic, but

0,. The alkaline-earth metal cations GaSrt, and Bd, D(MO*—0) appears not to be known for & alkaline-earth

even though they have radicalsharacter and are isoelec- Mmetal.
tronic with K, Rb, and Cs, respectively, are not expected to be
very reactive, even with molecular oxygeny(®°), a diradical.

The electron recombination energies of Q#E(Ca) = 6.113 M*+ O;— MO™ + O, (2a)
eV), Sr" (IE(Sr) = 5.695 eV), and Ba (IE(Ba) = 5.212 eV)
are too small to thermodynamically allow electron transfer from — M02+ +0 (2b)
0y, IE(O;) = 12.0697 + 0.0002 eV® Electron transfer is
endothermic by at least 5.96 eV. Furthermore, O-atom transfer —M + 03+ (2¢)

from O, (D(O,) = 123.894 0.02 kcal mot?)18 to Ca" (OA-

(Ca") = 77.2 kcal mot?), Sr* (OA(Srt) = 71.4 kcal mot?),

and Ba (OA(Ba") = 92.8 kcal mot!)!® is endothermic by ~ Since IE(Q) = 12.53 + 0.08 eV}® electron transfer to
at least 31 kcal mot. So the observation of these bimolecular M™ according to reaction 2c is endothermic by at least 6.43
ion—molecule reactions of Ca Sr", and Bd with O, is not ev.

expected. Indeed, only the slow, presumably termolecular, .
addition of G to form dioxide cations was observed with Although generally not well-known for reactions of doubly

effective bimolecular rate coefficients > 6.8, 2.0, and charged cations with ozone, thermodynamics may well favor
3.4 x 10713 ¢cm® molecule® st for Ca*, Srt, and Bd, channel 3c among the bimolecular reactions-3e. This
respectively. channel is governed by-IE(MT) — OA(M™) + IE(O,) +

The doubly charged ions €3 ST, and B&™ are isolectronic D(0,—0) and is exothermic by 2.05, 0.96, and 0.86 eV for the
with Ar, Kr, and Xe, respectively, and so have a rare-gas reactions of C&", SP*, and B&", respectively.
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M*" + 0,— MO?*" + O, (3a)
—MO,”" + 0 (3b)
— MO +0," (3c)
—MO," + 0" (3d)
—M+ 07" (3e)
—M+0,"+0" (3f)

Channel 3a will be exothermic if OA(ft) > OA (Oy) =
25.5 kcal mot?, and this may well be so (but OA®!) is not
known). Intramolecular electron transfer fromy, OE(O,) =
12.07 eV, to MG* before these two products separate could
then favor channel 3c if RE(MO) > 12.07 eV, but it is not
known. Channel 3b would be exothermic if the &ffinity of
M2+ > 25 5 kcal mot?, but it also is not known. Intramolecular
electron transfer from O, IE(C¥ 13.618 eV, to MG*" would
lead to channel 3d if RE(M@?" > 13.618 eV, but RE(M&™)
is not known. The two-electron transfer (channel 3e) would be
exothermic if IE(Q) + IE(Os%) < IE(M) + IE(M™), but IE-
(Os") is not known. @ likely would dissociate into @ and
O™, and this channel (channel 3f) is endothermic overall since
IE(O2) + IE(O) + D(O2—0) > IE(M) + IE(M™).

3.3. Observed Kinetics for Reactions of M with Ozone.
Figure 1 shows the raw data obtained for'Gand Ar" born in
the ICP source reacting with thesf®, mixture added into the
flow tube. The A and Cd ions could not be resolved with
our quadrupole mass selector, but the decay ofittzel0 peak
in the left panel of Figure 1 exhibits two clearly distinguishable

slopes. The early fast decay can be attributed to the reaction of gf:

Art with ozone and @ while the later and slower decay can
be attributed solely to the reaction of Céns with ozone.
Fitting the two slopes provides rate coefficients for the decay
of Art with added ozone of 1.k 10° cm® molecule® s™1

and the decay of Caof 4.9 x 1071° ¢cm?® molecule! s™%. The
known electron-transfer reaction of Arwith the O that

accompanies the addition of ozone (in a ratio of 22.2:1) has a

rate coefficient® of ca. 4 x 10711 cm3 molecule! s~ which,
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Figure 1. lon signals recorded for the reaction of selectad 40
cations with a 4.5% mixture of £n O.. The left panel shows a fit to
the decay of thenw'z 40 cation assigned to a fast reaction of"Amd
a slower reaction of Ca The right panel includes the profiles measured

for the observed product ions. Not shown for clarity are the ions;GaO
(H20)* that arise from water impurity in the flowing helium.

TABLE 1: Rate Coefficients (in Units of cm® molecule?
s1), Reaction Efficiencies, lon Products, and Reaction
Enthalpies for the Reactions of Alkaline-Earth Metal
Cations and Dications with O;

ion

ion k (ESIp k (ICPR Keol® products  —AH®g¢
Ca" 4.7x 10710 49x 101 1.1x10° CaO" —52
Srf 6.5x 10710 6.9x 10 9.0x 10 SrO" —46
Ba* 8.6 x 10710 8.8x 10° 84x 101 BaO" —68
1.5x 10° 2.1x 107° CaO";0,* —48
>32x 1071 1.8x 107° Sro#+
Ba** >1.1x 1071t 1.7x 10° BaO2"
CaO" >57x 10 >12x10° 99x10%° CaGg*t
CaQt =1.4x10° >1.2x10° 94x 10 Cag*
Sro" >52x 101° >35x101° 8.8x 10 SrO"
SrQ,"  =88x 100 >=82x 101 8.6x 101 SrOf
BaO" >21x 101 >15x101% 83x 10 BaO"
BaO,* >1.0x 107° >7.9x 10710 82x 10710 BaO;"™

a Effective bimolecular reaction rate coefficient measured in helium
at 0.35 Torr and 293 K. The uncertainties are estimated to be 30% for

by pure coincidence, is about 20 times slower than the faster the primary reactions and 50% for the higher-order reactions. lons were

reaction with ozone, and so leads to an indistinguishable decay

in the Ar™ ion signal under our operating conditions.

The decline in the Caion signal in Figure 1 is accompanied
by the sequential production of CapCaGt, CaQ™, and
CaQyt that can be attributed to reactions 2.

Ca +0,—Ca0 +0, (4)

CaO + O,— CaQ," + 0, (5)
CaQ,"+0,—~Ca0," + 0, (6)

CaQ" + 0, + He/O,—~ CaQy(0,) " + He/Q,  (7)

The observed rise in £ in Figure 1 is due to the known
electron transfer from ©to Ar* (electron transfer from ©to

generated either by electrospray ionization (ESI) or in an inductively
coupled plasma (ICPY.k is the capture or collision rate coefficient
computed using the algorithm of the modified variational transition-
state/classical trajectory theory developed by Su and Chesnavich (ref
22) with a polarizability o(Os) = 3.12 A3 (ref 23) and dipole moment,

up = 0.534 D (ref 23) ¢ Reaction enthalpy in kcal mol derived from

ref 18.

The lines are model fits to the data. The rate coefficients used
in the modeling are listed in Table 1, along with collision rate
coefficients and reaction enthalpies. The modeling assumes that
reactions with @ are negligible for all reactants. The reaction

of Ca" with O, was studied separately and was observed to
proceed very slowly by ©addition,k = 6.8 x 10713 cm?
molecule’l s™1. Since the @rate coefficient is 720 times larger
and the concentration ratio is 22.2, the assumption seems
justified in this case. Measurements of the reactions of the oxide
cations with Q were not possible, but these cations are also

Ca' is endothermic), perhaps also due to a dissociative electronexpected to react by slow addition; oxidation is expected to be

transfer from @, and indirectly from the electron-transfer
reaction with Q, since Q" is known to react with @by electron
transfer withk = 2.9 x 1071° cm® molecule’? s71.21 The
production of Q' is attributed to the reaction of ozone with
Art alone (electron transfer fromsQo Ca'" is endothermic).

endothermic because of the strength of thebOnd.
The alkaline-earth metal monocations also could be generated
using ESI. This is useful for the study of reactions of Gince
the isobaric interference with Aris absent. Figure 2 presents
a comparison of the data obtained with the two modes of
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Figure 2. lon signals recorded for the reaction of the selectérl40
cation derived from an ICP (solid points) and by ESI (open points)
with a 4.5% mixture of @and Q. Not shown for clarity are the ions
CaQ , {H.0O)* that arise by addition of water impurity in the flowing
helium.
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Figure 3. lon signals recorded for the reaction of selectet &tions
derived by ESI with an added 4.5% mixture of énd Q.
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Figure 4. lon signals recorded for the reaction of the selected Ba
cations derived by ESI with an added 4.5% mixture gfa@d Q.

ionization (ESI and ICP) for Careacting with ozone. There is

Feil et al.

All three of the singly charged alkaline-earth metal cations
were studied with both ion sources, and this comparison
illustrates another important point. The uncertainty associated
with the unknown relative population of excited and ground
electronic states in the reaction region that arises when the ICP
is used as a source disappears when these cations are produced
in the electrosprayed solution in which excited electronic states
presumably are absent. The excited-state percentages estimated
for Ca’, Srf, and Bd within the ICPare 12.5%, 10.0%, and
55.6%, respectivel§ Therefore the agreement observed for the
reactions of these three ions, especially"Baroduced in the
ICP or by ESI (see Table 1) suggests either the occurrence of
excited-state relaxation in the ICP experiments or an indepen-
dence of the measured rate coefficient on the extent of electronic
excitation. Rate coefficients derived for the higher-order oxida-
tion reactions determined in these two different ways also are
included in Table 1, and there is generally agreement within
the experimental uncertainties.

The reaction of Cawith Oz has been previously studied with
a flowing afterglow apparatusThe rate coefficient was found
to be only 1.6x 1071° cm® molecule® st which is about 3
times lower than our values of 4.7 (ESI) and 4.9 (IGP)0~10
cm?® molecule! s7%. The Ca was derived by electron impact
ionization of Ca vapor in the earlier measurements. Since the
electron-transfer reaction of CaQvith Ca is exothermic, the
occurrence of this reaction with the Ca vapor flowing down
the tube would lead to the production of Cand so an
artificially small rate constant for the Caeaction with Q. The
concomitant observation of species with multiple calcium atoms,
namely, CaO,*, Ca0s™, and CaO4™, also indicates that enough
Ca was present to be ionized by Ca®lo such interference is
possible in the present experiments. Our results are in much
better agreement, within experimental error, with the very recent
measurements reported by Broadley et @he temperature-
independent value of (3.2 1.2) x 1071° cm® molecule’® s71
reported by that group agrees, within experimental error, with
our average value of (48 1.4) x 1071° cm® molecule’! s~

The results of our measurements for" @nd Ba reacting
with O3 are quite similar to those for Ca Apparently no
previous measurements have been made for either system. Both
ions react with @ by O-atom transfer with close to unit
efficiency to produce Sr©and BaO, respectively. These two
oxides also react further by O-atom transfer to form dioxide
and trioxide cations (see Figures 3 and 4).

Table 1 shows that there is a trend in the rate and efficiency
of the O-atom transfer reaction 2a: both increase as one moves
down the periodic table. The average values of the ICP and
ESI rate coefficient measurements are 4.8, 6.7, anck 8.7 1°
cm® molecule! s71, and the efficienciesk(k;) based on these
values are 0.44, 0.73, and 1.0, for the reactions with, Ga",
and Bd, respectively (see Table 1). These trendsidtfollow
the trend in exothermicity based on known values for the O-atom
affinities of the three alkaline-earth metal cations (see Table
1). The exothermicity of the reaction with"Sfor which OA is
reported to be 71.4 kcal mol does not fall between the
exothermicities of the reactions with €and Ba which are
reported as 77.2 and 92.8 kcal mylrespectively. However
the reaction with B&, which exhibits unit efficiency, is by far
the most exothermic.

3.4. Catalytic Conversion of Ozone to Oxygen.lt is
noteworthy from Figures -14 that the kinetic profiles of the
lower oxide cations as well asSare curved. These curvatures

excellent agreement in the observed ion profiles between thecan be attributed to the occurrence of reactions of typ&®

two means of ion formation.

which will be exothermic if OA(M), OA(MO™), and OA-
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Figure 5. lon signals recorded for the reaction of the selecteéCa
produced by ESI with an added 4.5% mixture of &d Q.

SCHEME 1: Catalytic Cycle for the Cation-Catalyzed
Conversion of Ozone to Oxygef

M()x-l+

0, 20,

OZ
MO, *

aHere M is an alkaline-earth metal.

(MO2") < D(O—0) — D(O,—0) or <98.5 kcal mot?. This is
known to be the case

MO* + 0,— M™ + 20, (8)
MO," + O,— MO" + 20, 9)
MO," + 0;— MO," + 20, (10)

for reactions of type 8 since OA(Ca= 77.2 kcal mof?, OA-
(Srt) = 71.4 kcal mot?, and OA(B&) = 92.8 kcal moft.20
Indeed, Rowe et &.reported many years ago the occurrence
at 300 K of reaction 8 for MgO with k = 8 x 10710 cm?
molecule’! s™1. The oxygen atom affinities of the MOand
MO,* cations are less certain.

Reactions 810 together with reaction 2a and analogous
reactions with the metal oxides constitute the catalytic cycle
shown in Scheme 1 in which ozone is converted to oxygen
according to reaction 11 which is exothermic by 68 kcal Thé#

20,— 30, (11)
We are confident that the occurrence of this catalytic cycle
within the reaction region of the flow tube is responsible for
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Figure 6. lon signals recorded for the reaction of the selected Sr
produced by ESI with an added 4.5% mixture ofddd Q. Sr(H:0).2*

for n = 1—4; SrQ,H,0?" for n = 1—4; SrG(H,0),?" and SrQ(H,0)**
clusters also were observed but are omitted in the figure for
clarity.
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Figure 7. lon signals recorded for the reaction of the selected”Ba
produced by ESI with an added 4.5% mixture of &d Q. Ba*-

(H20)1.2, Ba*(H20)(0s)12 were observed as well but omitted for more
clarity.

70% of the collision value (see Table 1) by Gransfer and
charge separation to produce Ca@nd Q* according to
reaction 13.

ca" 4+ 0,—Ca0" +0," (13)
Single-electron transfer is endothermic since the ionization
energy of Q is greater than the second-ionization energy of
Ca, but formation of Ca®+ O," is exothermic by about 2.05
eV. Once formed, CaOreacts by sequential O-atom transfer
in the manner shown in eqs 5 and 6 and Figure 1.

The reactions of St and B&" with ozone behaved much
differently than that with C&; no charge separation was

the curvatures that were observed in the ion signal profiles. The observed with Sf and B&*, even though it is exothermic by
occurrence of the back-reactions of type 12 can be ruled outmore than 0.8 eV with both dications. Ozone addition was
even in the presence of the added oxygen since they are (se@bserved instead, presumably according to the termolecular

Table 1), or are expected to be, too endothermic.

MO, + 0,—~MO,_," + O, (12)
3.5. Observed Kinetics for Reactions of M with Ozone.

The reactions of the doubly charged alkaline-earth metal

ions with ozone proved to be very interesting. Only Cérigure

5) was found to react rapidly with4£The reaction proceeds at

reactions 14 and 15, as is evident in Figures 6 and 7.

SF*(0,), + O; + HelO, — S (0y),,, + Helo,
n=1-5 (14)

Ba**(0,), + O, + He/lQ,— Ba&*(0,), ., + He/Q,
n=1-4 (15)
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The fits to the reaction profiles shown in Figures 6 and 7 provide here has shown that the excited states of,G&", and Ba
effective bimolecular rate coefficients for all these addition produced in the ICP source are either quenched or react at the
reactions with quite high values between 1 ang 20710 cm? same rate as their ground states.
molecule’! s™1. The observation of metal/ozone cluster ions as
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