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Ion-molecule reactions involving metallic species play a central role in the chemistry of planetary ionospheres
and in many combustion processes. The kinetics of the Ca+ + N2O f CaO+ + N2 reaction was studied by
the pulsed multiphoton dissociation at 193 nm of organo-calcium vapor in the presence of N2O, followed by
time-resolved laser-induced fluorescence spectroscopy of Ca+ at 393.37 nm (42P3/2 r 42S1/2). This yielded
k(188-1207 K)) 5.45× 10-11 (T/300 K)0.53 exp(282 K/T) cm3 molecule-1 s-1, with an estimated accuracy
of (13% (188-600 K) and(27% (600-1207 K). The temperature dependence of this barrierless reaction,
with a minimum in the rate coefficient between 400 and 600 K, appears to be explained by the role of N2O
vibrational excitation. This is examined using a classical trajectory treatment on a potential energy surface
calculated at the B3LYP/6-311+g(2d,p) level of theory.

Introduction

The ion-molecule reactions of metallic species are of interest
over a very broad range of temperatures because of their
importance in planetary ionospheres1,2 and many combustion
processes.3-6 The major source of metals in the earth’s upper
mesosphere and lower thermosphere is the ablation of the 50-
100 tons of interplanetary dust that enters the atmosphere daily,
giving rise to layers of metal atoms and ions that extend globally
between 80 and 120 km.1 In the case of calcium, the layers of
Ca and Ca+ are observed using the ground-based lidar (laser
radar) technique operating at 423.67 and 393.37 nm, respec-
tively.7

Lidar observations have also revealed the phenomenon of
sporadic Ca layers (Cas).8 These are thin, concentrated layers
of atomic Ca that occur at altitudes between 90 and 110 km,
often appearing explosively within a few minutes. One theory
for the formation of sporadic metal layers is the neutralization
of the metallic ions in sporadic-E layers.9 In the case of Ca+,
neutralization by radiative recombination (Ca+ + e- f Ca +
hν) is very slow.10 Instead, conversion to Ca is likely to occur
above 90 km by reaction with O3 to form CaO+, followed by
dissociative recombination with an electron (CaO+ + e- f Ca
+ O). Hence, one reason for studying the reaction

is as a convenient method for producing CaO+ in the laboratory
for further kinetic investigation.

Few direct kinetic measurements on ion-molecule reactions
at combustion temperatures have been reported. Most work on
such reactions has been done near or below room temperature.

For higher temperatures, rate coefficients have mostly been
estimated from reaction excitation functions measured with the
molecular beam-gas technique; in this case effective tempera-
tures, often different from kinetic (Boltzmann) temperatures,
are calculated.11 One exception in the past decade has been the
work of Viggiano’s group which developed a high-temperature
(up to around 1800 K) flowing afterglow apparatus.12 Among
other achievements, they demonstrated the difference between
rate coefficients obtained with this thermostated reactor and
those from ion-drift tube measurements, where internal degrees
of freedom are not equilibrated.13 Their work has not included
reactions of metallic species.

Metals are present in nearly all practical combustion systems
as impurities or as inherent parts of the fuel, as e.g. in coal and
municipal and industrial wastes.3 Metals are also used as
additives to modify burn and emission characteristics4,5 and as
major fuel components, such as in solid rocket propellants.6

Most combustion systems are at least weakly ionized. The ions
are in part due to thermal ionization of metal atoms which have
low ionization potentials. Additionally, in the burning of fossil
fuels and other organic compounds chemi-ions are produced
by the well-known Calcote reaction CH+ O f CHO+ + e-.
The CHO+ ions in turn give rise to a wide variety of organic
ions and H3O+.14,15These species usually have higher ionization
potentials than metal atoms, such as the alkalis and the alkaline
earths, to which their charges are transferred. As a result, even
when the metals are present in small concentrations they can
become the major positive charge carriers.16

Atomic ions can have a relatively long lifetime, as they would
become neutralized by relatively slow radiative recombination
or three-body recombination (Ca+ + e- + M, M ) third body).
Just as in the upper atmosphere, if such ions react to become
molecular ions, then the much faster dissociative recombination
route becomes available. Thus, the study of the oxidation of
atomic metal ions, such as reported here, is important for
determining the lifetimes or concentrations of charge carriers.
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A large and growing number of practical applications are based
on the presence of ions and free electrons in flames.15,17,18

The pulsed laser photolysis-laser induced fluorescence (PLP-
LIF) technique for studying metal ion reactions at low temper-
atures was pioneered by the group at the University of East
Anglia (UEA).19,20 Previously the Rensselaer Polytechnic
Institute (RPI) group has studied a large number of reactions
of metal-atoms,-monoxides, and-monohalides in the 300
to 1800 K temperature domain. Most of this work was done
using HTFFR (high-temperature fast-flow reactor) facilities.21,22

In some cases the HTP (high-temperature photochemistrysa
specialized form of PLP-LIF) technique was also used,23,24and
good agreement with HTFFR data25 was obtained. The HTP
technique is now adapted to the study of metal-ion reactions.

In the present paper we combine PLP-LIF measurements of
the rate coefficients for reaction 1 (k1) at low temperatures
(188-371 K) from UEA with HTP data (470-1207 K) from
RPI. In fact, the kinetics of reaction 1 at 300 K was first studied
more than 30 years ago using the flowing-afterglow technique,
which yieldedk1 ) (5.0-2.5

+5.0) × 10-11 cm3 molecule-1 s-1.26

This is significantly smaller than a recent measurement of (1.6
( 0.5) × 10-10 cm3 molecule-1 s-1 in an inductively coupled
plasma/selected-ion flow tube apparatus with mass spectrometric
detection,27 and so a further measurement is desirable.

The temperature dependence of reaction 1 has not been
studied previously. The reaction is exothermic (∆H0 ) -169
kJ mol-1, see below), and exothermic ion-molecule reactions
are expected to have very small temperature dependencess
indeed, classical Langevin theory predicts that the rate coef-
ficient should be independent of temperature.28 However, it is
interesting to note that the measured values ofk1 are less than
20% of the Langevin capture rate.27 Furthermore, we have
shown recently that the analogous reaction Fe+ + N2O exhibits
pronounced non-Arrhenius behavior: the rate coefficient has a
positive temperature dependence above 300 K, but becomes
essentially independent of temperature between 185 and 300
K.29 We showed that this behavior could be explained by
thermal excitation of the degenerate vibrational bending modes
of N2O, which overcomes the symmetry barrier associated with
breaking the N2-O bond to release the O(3P) atom. In the
present paper we will examine this hypothesis in more details
using ab initio quantum theory to explore the reaction potential
energy surface, combined with trajectory calculations. Finally,
the kinetic behavior of reaction 1 will be compared with the
reactions

and

which have both been studied previously over extended tem-
perature ranges.30-32 A comparison with reaction 2 is particularly
interesting because K and Ca+ are isoelectronic.

Experimental Section

UEA Experiments. The PLP-LIF apparatus at UEA has been
described in detail previously.19,31 Ca+ ions were produced in
the central chamber of the stainless steel reactor by the pulsed
multiphoton photolysis of bis(2,2,6,6-tetramethyl-3,5-heptanedi-
onato)calcium [Ca(C11H19O2)2, hereafter Ca(TMHD)2] , in an
excess of N2O and bath gas (He). Powdered Ca(TMHD)2 was
placed in a tantalum boat located inside the heat pipe attached
to the central chamber. The heat pipe temperature was then set

in the range 389-417 K and maintained to within(2 K during
an experiment. The resulting Ca(TMHD)2 vapor was entrained
in a small flow of He bath gas and carried into the central
chamber, where it mixed with larger flows of N2O diluted in
He. Photolysis of Ca(TMHD)2 vapor at 193.3 nm, using a
loosely focused ArF excimer laser (Lambda-Physik Compex
102, pulse energy≈ 30 mJ, repetition rate 5 Hz), produced both
Ca+ and Ca.

Ca+ was probed at 393.37 nm (42P3/2 r 42S, τ ) 6.8 ns33)
using a frequency-tripled Nd:YAG pumped dye laser (Sirah
Model CBR-G-30, dye) 1:1 mixture of Exalite 389/Exalite
398; pulse energy) 10 µJ; bandwidth) 2 × 10-3 nm). The
excimer and dye laser beams were collinear and counter-
propagating, with the dye laser protected from the excimer beam
by a dichroic reflector. The resonant LIF signal was detected
orthogonal to the laser beams using a photomultiplier tube
(Electron Tubes, 9816QB) after passing though an interference
filter at 390 nm (fwhm) 10 nm), and then it was collected by
a gated integrator (Stanford Research Systems, SR250) with a
30 ns wide gate triggered by the dye laser pulse. The dye laser
was triggered at a scanned time delay after the excimer pulse,
controlled by a microcomputer.

The reactor was enclosed in an electrically heated furnace,
which could alternatively be filled with dry ice to carry out
low-temperature measurements. The reaction temperature was
measured just below the photolysis zone using a shielded
chromel/alumel thermocouple. The decomposition of the precur-
sor on the reactor walls above 418 K constrained the maximum
temperature. The gases He (99.9999%, BOC Gases) and N2O
(99.9%, Air Products) were used without further purification.
Ca(TMHD)2 (99%, Strem Chemicals) was heated gently (∼370
K) under vacuum for about 1 h before use.

RPI Experiments. The basic HTP reactor design was similar
to that used previously for neutral metal atom studies,23-25 but
with some important modifications that are illustrated in Figure
1. The reactor consists of a vertical alumina reaction tube,
surrounded by four series of SiC resistance heating elements
and insulating material, all enclosed in a water-cooled stainless
steel vacuum housing. The reactor has four optical ports, at 90°
separation and equipped with Suprasil quartz windows, which
define the reaction zone. Ca+ ions were produced by multipho-
ton photolysis of calcium acetyl acetonate [Ca(C5H7O2)2,
hereafter CaAcAc]. The use of such a thermally unstable
precursor, in combination with the high reaction temperatures,

K + N2O f KO + N2 (2)

Ca+ N2O f CaO+ N2 (3)

Figure 1. Diagram of the high-temperature photochemistry (HTP)
reactor from RPI, used to study reaction 1 from 470 to 1207 K by the
pulsed laser photolysis at 193 nm of Ca acetyl acetonate (Ca(C5H7O2)2)
to produce Ca+ in an excess of N2O. The Ca+ ions were probed by
LIF at 393.37 nm.

Kinetics of Ca+ + N2O from 188 to 1207 K J. Phys. Chem. A, Vol. 110, No. 25, 20067875



required the vaporizer to be placed outside the high-temperature
reactor (Figure 1). CaAcAc powder was therefore placed on a
quartz boat in a side tube, which was heated independently by
heating tape. Temperatures between 435 and 480 K were
typically needed to initiate evaporation and/or thermal decom-
position of the compound, which was entrained in a small flow
of Ar (5-8% of the total gas flow rate).

When working at temperatures above 1000 K, an N2O/Ar
mixture was admitted into the reactor through a water-cooled
movable inlet. This inlet was required to minimize the thermal
dissociation of N2O. The residence times between this inlet and
the photolysis zone were selected so that mixing was at least
99% complete.34,35For most experiments at lower temperatures,
N2O was introduced with the main bath gas Ar flow through
the bottom (upstream) plate of the reactor. The linear gas
velocities were large enough to provide each photolysis pulse
with a fresh reaction mixture. The temperature of the reaction
zone was measured before and after each experiment with a
Pt-Pt/13% Rh thermocouple, which for higher temperatures
was shielded to minimize radiation effects.

CaAcAc was photolyzed by focusing 193 nm radiation from
an ArF excimer laser (Lambda Physik Compex 201, operated
at 1 Hz) with a 25 cm focal length plano-convex quartz lens.
The 393.37 nm radiation from a XeCl excimer/dye laser
combination (Lambda Physik LPX 100/FL3002, dye) 0.4 g
L-1 PBBO in dioxane) was used to probe the Ca+ resonance
line. The resulting LIF signal passed through an interference
filter at 396 nm (fwhm) 12 nm) and was detected by a PMT
(EMI, model 9831 QA), equipped with a preamplifier (Stanford
Research, SR 445A). The LIF signal was recorded at variable
time delays between the photolysis and probe lasers using the
same boxcar system as at UEA. The gases used were Ar
(99.998%) from the liquid (Praxair) and 2% mixtures of N2O
in Ar prepared in the laboratory using N2O (99.99%, Matheson).
CaAcAc (99%, Alfa Aesar) was dried in the reactor, under
vacuum, at 380 to 400 K for several hours before use.

Results

The experiments were carried out under pseudo-first-order
conditions, where [Ca+] , [N2O] , [He or Ar]. The loss of
Ca+ can be described by a pseudo first-order decay coefficient,
k′, which can be written as

where the termkdiff, Ca+ describes the diffusion of the Ca+ atoms
out of the volume defined by the intersection of the laser beams
and within the field of view of the photomultiplier;kCaX is the
rate coefficient for reaction between Ca+ and either the
organometallic precursor (CaX) or degradation product(s), and
the third term describes the loss of Ca+ by reaction 1. Note
that we are assuming here that the reaction between Ca+ and
N2O only proceeds via the abstraction channel to form CaO+

(reaction 1). This assumption is discussed below. As shown in
Figure 2a, the observed decays of the LIF signal at low
temperatures, with Ca(TMHD)2 as the precursor, were well fitted
by a single exponential from whichk′ was obtained. With
CaAcAc as the precursor, the time-resolved LIF showed early
growth to a maximum, followed by a region of nonexponential
decay, and then, after a timeti, by single-exponential decay.
An example of this behavior is shown in Figure 2b. The initial
growth of Ca+ appears to be due to Ca+ formation processes
which persist for several microseconds after the pulsed pho-
tolysis of the precursor.ti was found to vary between 10 and

200 µs range, depending upon reaction conditions.k′ was
obtained from these decays by fitting the LIF signal afterti using
a nonlinear least-squares fitting routine,36 following a residual
analysis and goodness-of-fit test24,37 to confirm the single
exponential form of the decay and determineti.

Figure 3a shows that the yield of Ca+ from photolysis of
Ca(TMHD)2 depends on the square of the 193 nm excimer laser
fluence, indicating that production of Ca+ is probably a two-
photon process. Two 193 nm photons provide a total of 12.9
eV, which is substantially more than the ionization potential of
Ca (6.1 eV), so that 6.8 eV would in principle be available to
dissociate the precursor. In the UEA experiments, the typical
measured excimer fluence in the center of the chamber was 1.7
× 1017 photon cm-2, so that∼1.5% of N2O would have been
photolyzed. This loss of N2O in the reaction region was
corrected for in the kinetic analysis. In the RPI work, rather
higher excimer laser fluences were employed, and it was
observed thatk′ (and hencek1) decreased somewhat with
increasing laser energy, as shown in Figure 3b. The [N2O] ) 0
data in this figure show no dependence on laser energy;
furthermore, such an effect was not observed when O2 was
used38 as a reactant rather than N2O. This indicates that a small
fraction of N2O was dissociated under the multiphoton pho-
tolysis conditions used. To correct for this effect, thek′ vs laser
energy plots were all extrapolated to the intercepts on the
ordinate (laser energy) 0) and the resulting values were used
to obtaink1.

When the dependence ofk′ on [N2O] was studied, the total
pressure and flow rate of precursor was kept constant so that
kdiff, Ca+ + kCaX [CaX] in equation I comprised the intercept of
a plot of k′ against [N2O]. Plots of k′ vs [N2O] at different
temperatures are illustrated in Figure 4. Note that [N2O] was
varied by at least a factor of 5 at each temperature. The slopes
of the linear regression fits to these data sets yieldk1 (standard

k′ ) kdiff, Ca+ + kCaX[CaX] + k1[N2O] (I)

Figure 2. Examples of time-resolved Ca+ LIF decays (solid points)
and single-exponential fits (solid lines). (a)T ) 304 K. P ) 20 Torr.
[N2O]: a, 2.09× 1015; b, 4.20× 1015; c, 1.72× 1016 molecule cm-3.
The dashed line indicates an LIF decay in the absence of N2O. (b). T
) 661 K. P ) 103.5 Torr, [N2O] ) 1.59× 1014 molecule cm-3.
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errorσ1) as a function of temperature, listed in Table 1. It was
shown thatk1 is not pressure-dependent over the ranges 5-40
Torr (UEA) and 78-327 Torr (RPI). In the RPI experiments,
k′ was also shown to be independent of the gas velocity through
the HTP reactor (when this was varied from 11 to 31 cm s-1),
as well as the distance of the CaAcAc/Ar sidearm or the cooled
N2O/Ar inlet from the photolysis zone.

Discussion

Figure 5 illustrates the temperature dependence of the rate
coefficient for reaction 1. There is good agreement between the
UEA and RPI results, extrapolating between 370 and 480 K.
Although k1 varies by less than a factor of 2 between 188 and
1207 K, the rate coefficient decreases between 188 and∼550
K, and then increases slightly to 1207 K. A nonlinear regression
fit to the data (see Figure 5) yields the following:

The resulting 2σ precision levels of the fit lie between(4%
(188-600 K) and(15% (600-1207 K). Allowing (12% and
(20% for systematic uncertainties in the lower and higher
temperature ranges leads to overall accuracies of(13% (188-
600 K) and(27% (600-1207 K) when using eq II to calculate
k1. It should be noted that this type of complex temperature
dependence, where the rate coefficient decreases at low tem-
peratures to a broad minimum before increasing again at high

temperatures, has been observed previously in other ion-
molecule reactions.39,40

Figure 5 also compares the results of the present study with
two previous measurements ofk1 at room temperature. There

Figure 3. (a) Dependence of the Ca+ LIF signal at 393.4 nm on the
excimer (193 nm) laser power. The dashed line is a least-squares fit to
a quadratic power law. The dye laser was triggered 80µs after the
excimer pulse,P ) 20 Torr, T ) 308 K. (b). Plots ofk′ vs 193 nm
laser energy:T ) 898 K. P ) 144.8 Torr. [N2O]: a, 0.00; b, 0.79×
1014; c, 1.64× 1014; d, 3.35× 1014; e, 5.07× 1014; f, 6.79 × 1014

molecule cm-3.

k1(188-1207 K)) 5.45×
10-11 (T/300 K)0.53 exp(282 K/T) cm3 molecule-1 s-1 (II)

Figure 4. Plots of k′ vs [N2O]. Upper panel:P ) 20 Torr. Lower
panel: P ) 144.8 Torr, obtained fromk′ extrapolated to zero 193 nm
laser energy. The dashed lines are linear regression fits.

TABLE 1: Rate Coefficient k1(Ca+ + N2O) as a Function of
Temperature

T/K
(k1 ( σ1)/

10-10 cm3 molecule-1 s-1

188 1.89( 0.06
193 1.99( 0.07
209 1.73( 0.05
230 1.72( 0.05
249 1.53( 0.04
278 1.36( 0.05
304 1.43( 0.02
305 1.43( 0.03
306 1.43( 0.01
341 1.36( 0.05
359 1.37( 0.03
371 1.34( 0.03
478 1.26( 0.09
483 1.33( 0.11
563 1.28( 0.14
587 1.56( 0.08
613 1.36( 0.12
658 1.13( 0.14
661 1.05( 0.09
693 1.12( 0.18
730 0.98( 0.31
755 1.59( 0.11
755 1.22( 0.13
775 1.26( 0.05
790 1.28( 0.10
842 1.31( 0.11
898 1.79( 0.05
904 1.65( 0.18
932 1.58( 0.15

1028 1.33( 0.12
1133 1.63( 0.14
1207 1.09( 0.11

Kinetics of Ca+ + N2O from 188 to 1207 K J. Phys. Chem. A, Vol. 110, No. 25, 20067877



is good agreement, within experimental error, with the recent
measurement by Lavrov et al.27 using an inductively coupled
plasma/selected-ion flow tube, which seems to confirm that the
flowing afterglow measurements of Spears and Fehsenfeld26 are
too low by about a factor of 2.5.

Classical Langevin theory28 predicts the capture rate between
Ca+ and N2O to be kL ) 8.9 × 10-10 cm3 molecule-1 s-1,
independent of temperature. When modified41 to take account
of the small permanent electric dipole of N2O (0.161 D42), the
capture rate varies from 9.4× 10-10 cm3 molecule-1 s-1 at
200 K to 9.1× 10-10 cm3 molecule-1 s-1 at 1200 K, about a
factor of 6 times larger than the present measurements ofk1.

Potential Energy Surface for Ca+ + N2O. To understand
why reaction 1 is relatively slow and has a complex temperature
dependence, we used quantum calculations to examine the

potential energy surface (PES) connecting Ca+ + N2O to CaO+

+ N2. The hybrid density functional/Hartree-Fock B3LYP
method was employed from within the Gaussian03 suite of
programs,43 combined with the 6-311+G(2d,p) triple-ú basis
set. This is a large, flexible basis set which has both polarization
and diffuse functions added to the atoms. At this level of theory,
the expected uncertainty in the calculated cluster binding
energies is(14 kJ mol-1,44 and the calculated bond lengths
and (unscaled) vibrational frequencies of N2O are within 0.9%
and 3.6%, respectively, of the experimental quantities. The
geometries, vibrational frequencies, rotational constants and
relative energies of the relevant stationary points on the potential
energy surfaces are listed in Table 2. Note that the calculated
exothermicity of reaction 1 at 0 K is 169 kJ mol-1.

The potential energy curves (corrected for zero-point energies)
are illustrated in Figure 6. Figure 6a shows that for end-on attack
of Ca+ on the N2O, a Ca+-N2O complex forms initially (labeled
Int 1). Note that this complex has a very low vibrational
frequency (37 cm-1 s see Table 2), which corresponds to a
bend of the Ca-O-N angle. The complex can then dissociate
to CaO+ + N2 over a barrier of 24 kJ mol-1 (labeled TS 1),
which is 30 kJ mol-1 below the reactant potential energy.
However, reaching this transition state requires substantial
rearrangement from Int 1 via a trans Ca+-O-N-N complex
where the N2O is bent: the Ca-O-N angle changes from 172°
to 112°, and the O-N-N angle from 180° to 155°. Note that
collinear attack of Ca+ on N2O is characterized by a large barrier
associated with breaking the linear O-N2 bond.

Figure 6b shows that for side-on attack, a more strongly
bound cis complex forms where the N2O wraps around the Ca+

(labeled Int 2), before dissociating over a very low barrier to
CaO+ + N2 (labeled TS 2). This is likely to be the route
followed at low temperatures. Qualitatively, the small negative

Figure 5. Temperature dependence ofk1: present study, UEA (filled
triangles); present study, RPI (filled circles); Spears and Fehsenfeld26

(open circle); Lavrov et al.27 (open triangle); fit of eq II to the data
from the present study (solid line); classical trajectory calculations
including the effect of N2O(ν2) vibrational excitation (dashed line);
trajectory calculations without N2O(ν2) excitation (dash-dot-dash line).

TABLE 2: Geometries, Vibrational Frequencies, Rotational Constants, and Relative Energies of the Stationary Points on the
PES for Ca+ + N2O (Figure 6)

state designation structure vibrational frequenciesa rotational constantsb relative energyc

Ca+ + N2O linear 611 (×2), 1314, 2317 12.66 0
r(O-N) ) 1.19Å
r(N-N) ) 1.12 Å

Int 1 planar 37, 196, 541, 541, 1279, 2376 1895, 1.732, 1.730 -54
r(Ca-O) ) 2.35 Å
r(O-N) ) 1.21 Å
r(N-N) ) 1.11 Å
-(Ca-O-N) ) 172.4°
-(Ã-Ν-Ν) ) 179.0°

TS 1 planar 513i, 94, 262, 463, 899, 2123 39.13, 2.421, 2.278 -30
r(Ca-O) ) 2.18 Å
r(O-N) ) 1.28 Å
r(N-N) ) 1.12 Å
-(Ca-O-N) ) 112.9°
-(Ã-Ν-Ν) ) 155.0°

Int 2 planar 241, 253, 426, 658, 679, 1766 13.22, 5.240, 3.753 -89
r(Ca-O) ) 2.09 Å
r(O-N) ) 1.39 Å
r(N-N) ) 1.17 Å
-(Ca-N-O) ) 89.4°
-(Ã-Ν-Ν) ) 127.4°

TS 2 planar 455i, 208, 236, 469, 607, 1904 12.75, 5.002, 3.592 -89
r(Ca-O) ) 2.04 Å
r(O-N) ) 1.55 Å
r(N-N) ) 1.14 Å
-(Ca-O-N) ) 90.4°
-(Ã-Ν-Ν) ) 124.4°

CaO+ + N2 r(Ca-O) ) 1.99 Å 628 11.18 -169
CaN+(3Σ) + NO r(Ca-N) ) 2.15 Å 527 10.50 +318

a cm-1. b GHz. c kJ mol-1, with respect to Ca+(2S) + N2O.
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T dependence ofk1 is explained by the requirement that the
Ca+ must approach close to the central N of the N2O in order
to form the complex Int 2, before proceeding to products. At
lower temperatures, collisions will have a higher probability of
success because they will tend to occur with lower orbital
angular momentum and also with less rotational excitation of
the N2O.

Figure 7 is a PES for the reaction, calculated with the
geometry of N2O frozen in order to study the longer-range
interaction between the collision partners. The PES shows the
potential energy as a function of the distanceR between Ca+

and X (the N2O center-of-mass), andθ, the Ca+-X-N2 angle.
Note that for near-collinear collision (θ ∼ 0°), there is a
minimum on the PES atR ∼ 3.8 Å, corresponding to Int 1 in
Figure 6a. There is then a substantial barrier preventing the Ca+

moving closer to the O atom in a nearly collinear geometry.

Although there is a second minimum whenθ is close to 180°,
this does not lead to reaction. For the Ca+ to approach closest
to X, θ needs to be in the range 40°-80°.

Classical Trajectory Calculations. We now consider the
collision dynamics between Ca+ and N2O in greater detail, by
carrying out classical trajectory calculations using a treatment
that we have applied previously to the reaction Na+ + N2.45

We use an analytical form of the PES governing collisions
between Ca+ and N2O in two dimensions, where the motion of
the atoms is restricted to lie in a plane:46

The distancesr1 andr2 are from Ca+ to O and from Ca+ to the
midpoint of the N-N bond, respectively;C andæ characterize
the repulsive part of the interaction between Ca+ and N2O; and
the anisotropic polarizabilityR(θ) is given by

whereRp andRo are the parallel and perpendicular polarizabili-
ties of the N2O molecule, respectively. The parametersRp, Ro,
C, andæ were optimized by a global fit of eq III to 274 points
on the two-dimensional PES, which were calculated at the
B3LYP/6-311+G(2d,p) level of theory. This procedure yielded
the following: Rp ) 1.54× 10-29 m3, Ro ) -2.3× 10-31 m3,
C ) 4.90× 10-17 J molecule-1, andæ ) 2.77× 1010 m-1 (the
small negativeRo arises from the best fit to the whole PES; it
does not have physical significance).

Trajectories were then run on this surface using a classical
Hamiltonian treatment.45,47 The trajectories were initiated and
terminated atR) 20 Å. To use this trajectory model to calculate
k1, we stipulated that a trajectory led to successful reaction if
the Ca+ ion approached within a critical distance of X, i.e.R e
Rc. A set of trajectories was then run for a chosen temperature
T. Values of the collision energy (E), impact parameter (b),
rotational quantum number of N2O (J), andθ were chosen using
well-established pseudo-random techniques.28,48The integration
was performed in the following sequence. First, a value ofE
was chosen, which then defines the Langevin impact parameter,
bmax:28

Fifty trajectories were then run by selecting pseudo-randomly
b, J, θ, and the direction of rotation of the N2O rotor. Each
trajectory was then tested to confirm that it met the orbiting
criteria on the long-range potential, i.e. thatR < R*, where

The fractionf(E) of reactive collisions is then given by the
number of trajectories whereR < Rc, to those whereR < R*.
This sequence was then repeated at least 600 times by selecting
further values ofE pseudo-randomly, and the resultingf(E)
averaged to giveF(T). k1 is then equal toF(T)·kL, and is thus
computed from more than 3× 104 individual trajectories.

Figure 8 shows histograms of the lifetimes of reactive
trajectories at 200 and 1200 K, where the lifetime is defined as
the time period betweenR* and Rc. As expected, many
trajectories last for over 10 ps, especially at 200 K. Indeed, the

Figure 6. Potential energy curves for reaction 1, calculated at the
B3LYP/6-311+g(2d,p) level of theory, for the cases of (a) end-on and
(b) side-on attack of Ca+ on N2O.

Figure 7. Potential energy surface for reaction 1 (kJ mol-1) calculated
at the B3LYP/6-311+g(2d,p) level of theory. The N2O geometry is
frozen.R andθ are defined in the text.
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most likely trajectory lifetime at this temperature is 3-4 ps,
and a few trajectories last for over 50 ps. Even at 1200 K,
although the most likely lifetime is about 1 ps, some trajectories
last for nearly 30 ps. These long lifetimes reflect the ability of
the N2O to orbit around the Ca+ in the long-range 1/R4 potential.
This is possible because there is very efficient transfer of orbital
to rotational angular momentum in this system, since the N2O
behaves as a free rotor throughout most of its encounter with
the Ca+.

On the other hand, these trajectories do not last long enough
for quenching by the He buffer gas to provide the possibility
of stable Ca+·N2O complex formation. For instance, at the
highest pressures employed here (327 Torr by RPI), a lower
limit to the quenching lifetime, given by the reciprocal of the
product of the Langevin rate coefficient (for Ca+·N2O + He)
with [He], is∼160 ps. This is considerably larger than the range
of trajectory lifetimes in Figure 8.

The single adjustable parameter in this model isRc. A very
good fit to the low-temperature measurements ofk1 (dash-
dot-dash line in Figure 5) is obtained withRc ) 2.9 Å.
Inspection of Figure 8 shows that this condition is met whenθ
lies in the range∼40°-80°, and this explains whyk1 is
significantly lower thankL. Note that although the model
satisfactorily reproduces the negative temperature dependence
of k1 at temperatures below 400 K, it predicts that this
dependence will continue at higher temperatures, in disagree-
ment with the measurements (Figure 5).

As already discussed in the Introduction, several metal atom/
ion + N2O reactions exhibit non-Arrhenius behavior above 500
K, and this has been attributed to thermal excitation of the
bending modes of N2O enhancing the reaction cross sec-
tion.19,24,29,49To examine the role of N2O vibrational excitation
in reaction 1, the trajectory model was extended to include the
pseudo-random population of the degenerate bending modes of
the N2O. At the start of each trajectory, if the N2O was selected
to be vibrationally excited, then the reaction was deemed to
occur if R approached closer than a second critical distance,
Rc

vib (if the N2O was not vibrationally excited, then the critical
distance wasRc, as before). The trajectory model was then run
to find the value ofRc

vib that produced a good fit to the
experimental measurements ofk1 above 400 K. This was
achieved with a value forRc

vib of 3.2 Å, as shown in Figure 5
(dashed line). This result forRc

vib indicates that a larger critical
Ca+-X separation is possible when the N2O is vibrationally
excited, because formation of both the cis and trans transition
states (TS 2 and TS 1, respectively) are facilitated by the N2O
being bent.

We made the assumption earlier that the reaction between
Ca+ and N2O only proceeds via abstraction to form CaO+

(reaction 1). The reasoning behind this assumption is the
following. First, the other possible abstraction channel is
formation of CaN+ + NO. However, quantum calculations
(Table 2) show that formation of triplet CaN+ is highly
endothermic by 318 kJ mol-1, and this channel will therefore
not be significant even at the highest temperatures studied here.
The reaction channel Ca+‚NO + N is even less favorable, being
endothermic by 342 kJ mol-1. Second, complex formation via
three-body recombination can be ruled out by the observed lack
of a pressure dependence ink1. Third, complex formation via
two-body radiative recombination is a very ususual process, and
would not be expected to be efficient when one of the reactants
is closed-shell. Fourth, the mass spectrometric study of Lavrov
et al.27 has shown that CaO+ is the only significant product.

Finally, it is interesting to compare the present measurements
of reaction 1 with previous measurements of the analogous
reactions of K31 and Ca.30,32Figure 9 is an Arrhenius plot which
shows that below 300 K, reactions 2 and 3 are, respectively,
more than 1 and 2 orders of magnitude slower than reaction 1.
Reaction 3 is the slowest reaction, presumably because Ca(41S)
is a closed sub-shell species and therefore less reactive than
K(42S) or Ca+(42S). The difference between reaction 1 and 2
at low temperatures appears to be that while Ca+ can form the
relatively strongly bound complex with N2O which leads to
reaction (Figure 6b), this barrierless pathway is not available
to the neutral K atom: quantum calculations show that it cannot
form a complex analogous to Int 2. Since reactions 2 and 3
have larger activation energies than reaction 1, their rate
coefficients approachk1 at around 1000 K. Note that the
activation energies of reactions 2 and 3 also increase above 500
K, which again is most likely caused by vibrational excitation
of N2O enhancing their reaction cross sections.

Conclusions

The use of the PLP-LIF technique in two different reactors
has enabled the kinetic measurements for a metal-ion molecule
reaction to span an unusually large temperature range. The
domain covered spans temperatures of direct ionospheric interest
and those of direct combustion interest. The combination of high
temperatures with pressures above a few Torr has apparently
not been achieved in prior ion-molecule reaction studies. The
Ca+ + N2O rate coefficients show a small, but complex,
dependence on temperature, with a minimum between about
400 and 600 K. This behavior, which deviates from Langevin
theory, is well explained by the present classical trajectory
treatment.

Figure 8. Histograms of reactive trajectory lifetimes for Ca+ + N2O
at 200 and 1200 K.

Figure 9. Arrhenius plots of the reactions Ca+ + N2O (present study),
K + N2O (Plane31), and Ca+ N2O (Plane and Nien,30 dash-dot-dot
line; Vinckier et al.,32 dash-dot-dash line).
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