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High-level ab initio calculations were carried out on a series of K+‚X cluster ions (X) O, O2, N2, CO2, H2O)
and X‚K+‚Y ions. Rice-Ramsberger-Kassel-Markus theory was then used to estimate the rate coefficients
for a series of recombination and ligand-switching reactions that govern the ion-molecule chemistry of K+

in the upper mesosphere and lower thermosphere. These rate coefficients were then included in an atmospheric
model of potassium chemistry. The important result is that K+ forms weakly bound clusters with N2, O2, and
O (the major atmospheric species), with binding energies between 10 and 22 kJ mol-1. Even under atmospheric
conditions (200 K and 10-3 Torr), these cluster dissociate in less than 1 s. This prevents the formation by
ligand-switching of the more stable CO2 and H2O clusters, which could then undergo dissociative recombination
with electrons to produce K. The result is that K+ ions have a much longer lifetime against neutralization in
the upper atmosphere than other metallic ions such as Na+ and Fe+.

1. Introduction

The major source of potassium in the upper mesosphere and
lower thermosphere (MLT) is the ablation of the 20-50 tons
of interplanetary dust that enters the atmosphere each day.1 This
gives rise to a layer of K atoms between 80 and 105 km that is
global in extent. At midlatitudes, the K layer has a full width
at half-maximum of about 9 km and a peak concentration of
50-60 cm-3 at a height of about 88 km.2 The layer has been
observed by solar-pumped resonance fluorescence during
twilight3-5 and by resonant lidar (laser radar) operating on the
DI line at 769.9 nm [K(42P1/2-42S1/2)].2,6-11 Lidar measurements
have also confirmed the presence of K atoms in fresh meteor
trails.12-15 K+ ions have been observed by rocket-borne mass
spectrometry.16-22 Although only about 15 rocket flight mea-
surements have been reported, there appears to be a permanent
layer of K+ ions above 90 km, with a concentrations up to∼100
cm-3. This background ion concentration can be considerably
enhanced, by more than 1 order of magnitude, in a sporadic E
layer.22

In this paper we describe a theoretical study of the ion-
molecule chemistry of potassium, to understand how K+ and
K are coupled in the MLT. The application of theory is required
because the only experimental studies appear to have been of
the reactions of K+ with O3

23 and with O2 and H2O.24 No kinetic
studies of reactions involving K+ cluster ions have been
reported. The reasons for exploring this chemistry in detail are
to model the diurnal variation of the topside of the global K
layer2 and to understand the very interesting phenomenon of
sporadic potassium layers (Ks). Ks are thin layers of K atoms
(∼1-3 km wide) that occur at altitudes between 90 and 105
km and can appear and disappear within a few minutes.10 The

first sporadic layers to be discovered were Nas, and these have
now been quite extensively studied.25-28 The most promising
explanation for Nas formation is the neutralization of Na+ ions
concentrated in a sporadic E layer (Es). The observational
evidence for this is the high correlation in time and space
between Nas and Es.25,26,28,29An atmospheric model of sodium
ion-molecule chemistry,30 developed from laboratory kinetic
measurements31 and quantum theory calculations,32 has been
used to reproduce several case studies of Nas formation.28,29

K+ ions form directly in the MLT via hyperthermal collisions
(impact energy> 4 eV) between ablating K atoms and air
molecules.33 However, they also form continuously from K
atoms in the background layer, via photoionization,34 and charge
transfer with ambient ions:2

The rate of charge transfer dominates and exhibits a large diurnal
variation because the daytime plasma density increases by
roughly 1 order of magnitude.1 Hunten35 suggested that another
source of K+ might be Penning ionization: K+ O2(1∆g) f
K+ + O2 + e-. However, this process still requires 3.35 eV of
energy and so will be virtually nonexistent at the low temper-
atures in the MLT.

Neutralization of K+ can occur through radiative recombina-
tion with electrons (K+ + e- f K + hν), but this is very
inefficient.36 Instead, K+ must first complex with a ligand X,
where X ) N2, O2, O, CO2, or H2O (in order of decreasing
atmospheric concentration), and then perhaps undergo ligand-
switching with another atmospheric component Y to form a
more stable complex, before undergoing dissociative electron
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K + hν f K+ + e- (1)

K + NO+ f K+ + NO (2)

K + O2
+ f K++ O2 (3)
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recombination:

Here M is a third body (most likely N2 or O2). Figure 1
illustrates schematically most of the chemical pathways that
couple K+ and K in the MLT.

In this paper we report ab initio quantum calculations on the
K+‚X complexes at a high level of theory. Optimized geometries
and hence rotational constants for the complexes were obtained,
and these, together with the harmonic vibrational frequencies
and total energies, were used as input for Rice-Ramsberger-
Kassel-Markus (RRKM) calculations to estimate rate coef-
ficients for the recombination reactions between K+ and X, the
unimolecular dissociation reactions of the K+‚X complexes, and
a series of ligand-switching reactions. These were then incor-
porated into an atmospheric model to determine the vertical
profiles of potassium-containing ions in the MLT and the
lifetime of K+ against neutralization.

2. Ab Initio Calculations on the K+ Cluster Ions

2.1. K+‚X Species. Calculations on the K+‚X species
(geometry optimizations, rotational constants, and vibrational
frequency calculations) have been reported in detail previously
by us, and so we only overview them here. K+‚N2 and K+‚
CO2 were both found to be linear,37 while K+‚H2O was most
stable with the K+ positioned along theC2 axis, interacting with
the oxygen atom;37 these three species are closed-shell singlets.
The K+‚O2 complex is also linear with a3Σ- ground state.38

Neutral KO2 is a largely ionic stable molecule with a Coulombic
interaction between K+ and O2

-. Ionization amounts essentially
to loss of an electron from O2- and the formation of the weakly

bound K+‚O2 complex. In a similar way, the K+‚O complex is
formed upon ionization of the KO molecule and is also a3Σ-

state.39

The geometries and vibrational frequencies at the highest
levels of theory reported in each of the cited papers were used
in this work (these had been obtained using a LANL2 ECP
coupled with a valence basis set for K+). At those optimized
geometries, single-point calculations were carried out at the
RCCSD(T) level of theory. The basis sets employed were the
aug-cc-pV5Z basis sets for all first row atoms, but with theh
functions omitted. For K+, we employed our own basis set
which uses the ECP10MWB effective core potential to describe
the 1s-2p electrons and a valence basis set that is similar in
form to the aug-cc-pV5Z basis set. The contraction coefficients
were obtained from Hartree-Fock calculations on the cation,
and the primitive basis functions were constructed in an even-
tempered fashion. The full details and performance of this
potassium basis set have been described in earlier publica-
tions.37-39 Table 1 lists the relevant parameters required for the
application of the reaction rate theories described in sections 3
and 4. The estimated error in the ligand binding energies at
this level of theory is typically 1 kcal mol-1 ((4 kJ mol-1),
based on previous experience; however, the error may be a little
larger in cases where there are low intermolecular vibrational
frequencies. Note that the weak binding energies of the K+‚O
and K+‚O2 ions are consistent with the observed lack of a fast
bimolecular reaction between K+ and O3.23

2.2. Intermediate Cluster Ions. The binding energies,
vibrational frequencies, and rotational constants of the inter-
mediate cluster ions formed during ligand-switching, X‚K+‚Y
were calculated. These species are bound by charge-dipole and
charge/charge-induced-dipole interactions. The required quanti-
ties were obtained by carrying out low-level initial optimizations,
followed by MP2 and B3LYP geometry optimizations. For
these, the standard aug-cc-pVTZ basis set was used for all atoms
except for K, where our LANL2-(8s8p4d2f) basis set was
employedsthis has the LANL2 effective core potential, but the
valence basis set is replaced with one we developed previously39

to be similar in form to an aug-cc-pVTZ basis set. For simplicity,
we simply refer to “aug-cc-pVTZ” below.

Two of the exchange reactions, K+‚CO2 + N2 f K+‚N2 +
CO2 and K+‚O + N2 f K+‚N2 + O, are particularly important
in controlling the rate at which K+ is neutralized in the
atmosphere. Geometry optimizations on N2‚K+‚CO2 and O‚K+‚
N2 were therefore also performed at the QCISD level, that is,
at the same level of theory as for the monoligated cluster ions.
For the O‚K+‚N2 complex, we considered both end-on and
sideways binding of the N2. However, at the three levels of
theory employed the linear structure was always the minimum.
At the MP2 level of theory, the side-on approach of N2 was a
3A2 saddle point, lying ca. 1400 cm-1 above the3Σ- linear
minimum, where the open-shell nature arises from the unpaired
electrons on the O atom. The QCISD-optimized geometry was

Figure 1. Schematic diagram of the ion-molecule chemistry of
potassium in the upper atmosphere. (Some minor pathways are omitted
for clarity.)

TABLE 1: Total Energies, Spectroscopic Parameters, and Binding Energies for the K+·X Complexes

species energya rotatonl constsb vibrationl freqc binding energyd

K+‚O2(3Σ-) -178.373 649 2.31 42 (π), 102 (σ), 1646 (σ) 12.1
K+‚O(3Σ-) -103.188 074 5.07 129 (σ) 17.6
K+‚N2(1Σ+) -137.602 825 2.43 135 (σ), 177 (π), 2350 (σ) 18.3
K+‚CO2(1Σ+) -216.596 179 1.46 76 (π), 144 (σ), 664 (π), 1349 (σ), 2349 (σ) 34.1
K+‚H2O(1A1) -104.578 742 436.3, 5.75, 5.65 218, 358, 368, 1663, 3820, 3914 64.2

a Energies in hartrees, at the (R)CCSD(T)/ECP10MWB[10s9p6d4f3g] level of theory.E(K+) ) -28.182 116Eh, E(O2) ) -188.400 496Eh,
E(O) ) -74.999 394Eh, E(N2) ) -109.413 094Eh, E(CO2) ) -188.400 496Eh, andE(H2O) ) -76.369 127Eh. b In GHz. c In cm-1. d At 0 K,
in kJ mol-1. Zero-point energies of ligands, in kJ mol-1: 9.48 (O2); 14.1 (N2); 30.4 (CO2); 54.0 (H2O).

K+ + X (+M) f K+‚X

K+‚X + Y f K+‚Y + X

K+‚Y + e- f K + Y
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used to obtain the rotational constants for the RRKM calcula-
tions. Vibrational frequencies were calculated at the MP2 and
B3LYP level of theory; the better agreement of the B3LYP
geometries with the QCISD ones led us to use the B3LYP
vibrational frequencies in the RRKM calculations. A further
RCCSD(T)/aug-cc-pV5Z single point calculation was performed
at the QCISD-optimized geometry to obtain more accurate
energies. The relevant parameters are given in Table 2. The
binding energy of O to K+‚N2 is 16.0 kJ mol-1.

For the N2‚K+‚CO2 intermediate either, or both, ligands could
approach end-on or side-on. However, as we have found
previously with CO2 ligands binding to cations, the side-on
approach is unstable as theδ+ carbon atom is repelled by the
cation. Thus, the CO2 was constrained to approach end-on, and
optimizations were carried out for the N2 being in the two
orientations. As with the O‚K+‚N2 intermediate, the side-on
approach was found to be a saddle point at the three levels of
theory attempted, lying 1350 cm-1 above the linear1Σ+

minimum. The linear QCISD-optimized geometry was used to
obtain the rotational constants for the statistical mechanics
calculations. Vibrational frequencies were calculated at the MP2
and B3LYP level of theory; again, the better agreement of the
B3LYP geometries with the QCISD ones led us to use the
B3LYP vibrational frequencies in the RRKM calculations. A
further RCCSD(T)/aug-cc-pV5Z single point calculation was
performed at the QCISD-optimized geometry to obtain more
accurate energetics. The relevant parameters are given in Table
3. The binding energy of CO2 to K+‚N2 is 32.2 kJ mol-1.

Table 4 lists the parameters for all the other intermediate
cluster ions, where MP2 energies were used to calculate the
binding energies and B3LYP vibrational frequencies and MP2
geometries were used for the RRKM calculations. The lowest
energy isomer only was used in each case, and as can be seen,
these were linear except for the cases involving water, where
the lowest energy geometries wereC2V.

3. RRKM Calculations on the K+ + X Recombination
Reactions

The following recombination reactions of K+ could be
important in the MLT:

To estimate the rate coefficientsk4-8 over the temperature range
(120-240 K) and pressure range (<1 mTorr) characteristic of
the MLT, we now apply RRKM theory using a master equation
(ME) formalism based on the inverse Laplace transform
method.40 We have recently described the application of this

TABLE 2: Calculated Geometry and Vibrational Frequencies for O·K +·N2 (X3Σ-)a

methoda RNN/Å RKN/Å RKO/Å energy/Eh vibrationl freq/cm-1

B3LYP 1.090 2.962 2.992 -212.657 461 4.3 (π), 93.9 (σ), 107.2 (π), 132.6 (σ), 2455.4 (σ)
MP2 1.114 2.924 2.970 -212.288 871 2.7 (π), 98.8 (σ), 105.7 (π), 140.4 (σ), 2191.9 (σ)
QCISD 1.097 2.948 2.981 -212.321 915
RCCSD(T) b b b -212.608 453

a For details and basis sets employed, see text.b Single-point calculation at the QCISD-optimized geometry.

TABLE 3: Calculated Geometry and Vibrational Frequencies for N2·K+·O2CO1 (X1Σ+)a

methoda RO1C/Å ROC2/Å ROK/Å RKN/Å RNN/Å energy/Eh vibrationl freq/cm-1

B3LYP 1.148 1.172 2.688 2.973 1.090-326.233 341 9.5 (π), 66.0 (π), 87.2 (σ), 106.5 (π), 146.8 (σ), 666.0 (π), 1372.8 (σ),
2417.7 (σ), 2455.0 (σ)

MP2 1.158 1.181 2.664 2.930 1.114-325.658 486 2.9 (π), 64.2 (π), 91.9 (σ), 104.1 (π), 154.6 (σ), 652.2 (π), 1333.1 (σ),
2192.0 (σ), 2416.8 (σ)

QCISD 1.149 1.174 2.676 2.951 1.097-325.667 462
RCCSD(T) b b b b b -326.016 175

a For details and basis sets employed, see text.b Single-point calculation at the QCISD-optimized geometry.

TABLE 4: Calculated Energies, Rotational Constants, and Vibrational Frequencies for the Y·K +·X Intermediatesa,b

X, Y MP2 energy/Eh rotationl consts (GHz) vibrationl freq/cm-1

H2O, CO2 -292.641 314 436.62, 0.77, 0.74 17.8 (b2), 18.4 (b1), 62.0 (b2), 62.3 (b1), 111.0 (a1), 212.3 (a1), 342.0 (b1), 358.7 (b2), 666.6 (b1),
666.6 (b2), 1373.2 (a1), 1664.2 (a1), 2417.1 (a1), 3776.5 (a1), 3855.2 (b2)

H2O, O2 -254.431 995 436.38, 1.04, 1.04 18.5 (b2), 18.9 (b1), 42.7 (b1), 42.8 (b2), 82.2 (a1), 213.8 (a1), 346.4 (b1), 365.7 (b2), 1637.5 (a1),
1664.8 (a1), 3775.3 (a1), 3853.4 (b2)

H2O, N2 -213.679 171 436.56, 1.11, 1.11 17.9 (b2), 18.6 (b1), 96.3 (a1), 103.8 (b2), 104.0 (b1), 212.8 (a1), 344.9 (b1), 363.7 (b2),
1664.6 (a1), 2454.7 (a1), 3775.8 (a1), 3854.1 (b2)

O2, CO2 -366.411 127 0.48, 0.48 9.4 (π), 9.4 (π), 41.4 (π), 41.4 (π), 66.3 (π), 66.3 (π), 76.1 (σ), 143.6 (σ), 665.8 (π), 665.8 (π),
1373.0 (σ), 1638.3 (σ), 2418.0 (σ)

O2, N2 -287.448 342 0.68, 0.68 7.1 (π), 7.1 (π), 44.6 (π), 44.6 (π), 77.5 (σ), 107.8 (π), 107.8 (π), 124.4 (σ), 1637.8 (σ), 2455.5 (σ)
O, CO2 -291.251 599 0.74, 0.74 6.1 (π), 6.1 (π), 65.7 (π), 65.7 (π), 97.4 (σ), 146.7 (σ), 665.8 (π), 665.8 (π), 1372.9 (σ), 2417.9 (σ)
O, H2O -179.272 389 436.49, 1.84, 1.83 15.4 (b2), 15.8 (b1), 105.7 (a1), 212.9 (a1), 350.0 (b1), 366.3 (b2), 1665.5 (a1), 3774.3 (a1), 3852.1 (b2)
O, O2 -253.041 379 0.98, 0.98 12.4 (π), 13.5 (π), 24.7 (σ), 43.4 (π), 43.4 (π), 99.5 (σ), 1638.4 (σ)

a Rotational constants are those calculated at the MP2/aug-cc-pVTZ level of theory; vibrational frequencies are those calculated at the B3LYP/
aug-cc-pVTZ level of theory. The symmetries of the vibrational are given in terms of eitherC2V or C∞V labels. For the linear complexes there are
only two rotational constants.b The corresponding MP2 energies (Eh) for the 1:1 complexes and the ligands were calculated at the same geometries
as used in Table 1 and were as follows: K+‚H2O (-104.307 092), K+‚CO2 (-216.285 660), K+‚N2 (-137.320 333), K+‚O2 (-178.075 061), K+‚O
(-102.916 018), H2O (-76.328 958), CO2 (-188.321 234), N2 (-109.364 164), O2 (-150.120 596), O (-74.959 294).

K+ + N2 (+M) f K+·N2 (4)

K+ + O2 (+M) f K+·O2 (5)

K+ + O (+M) f K+·O (6)

K+ + CO2 (+M) f K+·CO2 (7)

K+ + H2O (+M) f K+·H2O (8)
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formalism to recombination reactions of metallic species,41 so
only a brief description is given here. The reactions are assumed
to proceed via the formation of an excited adduct (K+‚X*),
which could either dissociate or be stabilized by collision with
the third body, M. Here we take M as He, to compare with
experiment. The internal energy of the adduct was divided into
a contiguous set of grains (width 15 cm-1), each containing a
bundle of rovibrational states. Each grain was then assigned a
set of microcanonical rate coefficients for dissociation, which
were determined using inverse Laplace transformation to link
them directly tokrec,∞, the high-pressure limit recombination
coefficient.40 In the case of these ion-molecule reactions,krec,∞
was calculated using Langevin theory. For reaction 8, the ion-
dipole interaction between K+ and H2O was included using the
statistical adiabatic channel treatment of Troe.42 krec,∞ was then
expressed in the Arrhenius form,A∞ exp(-E∞/RT); the results
are listed in Table 5.

The density of states of the adduct was calculated with the
Beyer-Swinehart algorithm43 for the vibrational modes (without
making a correction for anharmonicity) and a classical densities
of states treatment for the rotational modes. The molecular
parameters listed in Table 2 were used. In the case of reactions
4, 5, and 7, the lowest frequency degenerate bending mode (π
symmetry) of the adduct was treated as a 2-dimensional free
rotor. For reaction 8, the out-of-plane and in-plane rocking
modes of the H2O (218 and 368 cm-1) were also treated as a
2-dimensional free rotor. We have shown elsewhere, using
trajectory calculations, that this is a good approximation because
of the very long range intermolecular forces that govern these
reactions.31

The ME describes the evolution with time of the adduct grain
populations. The probability of collisional transfer between
grains was estimated using the exponential down model, where
the average energy for downward transitions,〈∆E〉down, was an
adjustable parameter between 100 and 200 cm-1 for He at 300
K.43 The collision frequency between the adduct and He was
calculated from Langevin theory, yielding∼ 5.4 × 10-10 cm3

molecule-1 s-1 for the five reactions. To use the ME to simulate
irreversible stabilization of the adduct, an absorbing boundary
was set 10 kJ mol-1 below the energy of the reactants, so that
collisional energization from the boundary to the threshold was
highly improbable. The ME was then expressed in matrix form40

and solved to yield the recombination rate constant at a specified
pressure and temperature. Note that all five reactions were found
to be essentially at their low-pressure limits at a pressure of
10-3 Torr.

Reaction 4 is likely to be the most important of these
association reactions in the MLT, because N2 is the most
abundant potential ligand. Although reaction 4 has not been
studied experimentally, we have measured the rate coefficient
for the analogous reaction of Na+, obtainingk(Na+ + N2 +
He, 93-255 K) ) (1.20( 0.13)× 10-30 (T/200 K)-(2.20(0.09)

cm6 molecule-2 s-1.31 If we apply the RRKM formalism
described above to this reaction, using the molecular parameters

for Na+‚N2 from a recent ab initio calculation,44 then we obtain
excellent agreement (k ) 1.2× 10-30 (T/200 K)-2.22) when the
only adjusted parameters are〈∆E〉down, set to 200 cm-1, and its
temperature dependence expressed asTn, wheren is set to 0.45.
Note that if the low-frequency bending modes of Na+‚N2 are
not treated as a free rotor, then the estimated rate coefficient is
a factor 7.1-7.6 times slower over the temperature range 120-
400 K and clearly in disagreement with experiment.

Using these parameters for〈∆E〉down and n and molecular
parameters for Na+‚O2 from another ab initio calculation,45 we
obtaink(Na+ + O2 + He) ) 5.5 × 10-31 (T/200 K)-2.26 cm6

molecule-2 s-1, which compares well with the measured result
of k ) (5.20 ( 2.62) × 10-31 (T/200 K)-(2.64 ( 0.74).31 We
therefore have some confidence in estimatingk4 andk5 for the
analogous reactions of K+. The results are listed in Table 4.
Note that the estimated value ofk5 is in accord with an upper
limit of 2 × 10-30 cm3 molecule-1 s-1 measured in a drift tube
experiment.24 For the association of K+ and O,k6 was estimated
using the same parameters for〈∆E〉down andn.

For the reactions Na+ + CO2 and Na+ + H2O, RRKM
calculations using quantum calculations46 on Na+‚CO2 and Na+‚
H2O agree satisfactorily with the measured rate coefficients24,31

if 〈∆E〉down for He is set to 100 cm-1, with n remaining as 0.45.
The rate coefficient for reaction 8 is then 3.04× 10-30 cm6

molecule-2 s-1, which is in good accord with the drift tube
measurement of (2.6( 0.7) × 10-30 cm6 molecule-2 s-1.24

Although this value for〈∆E〉down is still within the expected
range for He as a third body,43 it is half the value that produces
the best RRKM fit to the reactions of Na+ with N2 and O2 (see
above). This does most likely not imply anything fundamentally
different about the energy transfer processes involved in these
reactionssrather, it indicates that the assumption of free rotors
in the Na+‚CO2 and Na+‚H2O complexes is an oversimplifica-
tion. If the rotors are in fact partially hindered (resulting in
slower rate coefficients), then our RRKM fit will be optimized
with a larger〈∆E〉down, since this is the only adjustable parameter
in the model.

The unimolecular dissociation rate coefficients,kdiss,0 were
then estimated by detailed balance withkrec,0, using the data in
Table 1 to calculate the relevant equilibrium constants. The
results are also listed in Table 5. Figure 2 illustrateskrec,0 and
kdiss,0 as a function of temperature for the five reactions. As
expected,krec,0 is predicted to have a negative temperature
dependence and is a function of the K+‚X binding energy so
that association with O2 is slow and association with H2O is
fast. The slowest reaction is actually K+ + O, because the K+‚
O adduct has only one vibrational mode and hence a relatively
low density of rovibrational states. The dissociation rate
coefficients have much larger (and positive) temperature de-
pendences. Note thatkdiss,0for K+‚N2 and K+‚O2 is larger than
10-13 cm3 molecule-1 s-1 at 200 K, so that these cluster ions
will survive for less than 1 s at 95 km in themesosphere.

TABLE 5: Fitted Parameters for the RRKM Calculations on Reactions 5-9

reacn krec
a/cm3 molecule-1 s-1 〈∆E〉down

b/cm-1 krec,0
c/cm6 molecule-2 s-1 kdiss,0

d/cm3 molecule-1 s-1

K+ + N2 + He 7.65× 10-10 200 5.7× 10-31 (T/200 K)-2.39 7.1× 10-9 exp(-1680/T)
K+ + O2 + He 7.07× 10-10 200 3.1× 10-31 (T/200 K)-2.12 3.6× 10-10 exp(-821/T)
K+ + O + He 6.23× 10-10 200 2.2× 10-32 (T/200 K)-1.28 6.6× 10-11 exp(-1810/T)
K+ + CO2 + He 8.79× 10-10 100 3.3× 10-30 (T/200 K)-2.43 3.5× 10-8 exp(-3470/T)
K+ + H2O + He 1.81× 10-9 exp(74/T) 100 7.5× 10-30 (T/200 K)-2.22 2.4× 10-7 exp(-7380/T)

a High-pressure limiting association rate coefficient.b For He as third body, at 300 K.c Low-pressure limiting association rate coefficient.d Low-
pressure limiting dissociation rate coefficient.
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4. RRKM Calculations on the K+‚X + Y
Ligand-Switching Reactions

The upper limit to the rate coefficient for a ligand-switching
reaction of the form K+‚X + Y f K+‚Y + X is given by the
Langevin limit,kL (in cm3 molecule-1 s-1):

Here R is the static polarizability in m3 and µ is the reduced
mass of the reactants in kg molecule-1. If the reactant Y has a
permanent dipole (e.g. H2O), thenkL is increased by a factor
that may be conveniently estimated using Troe’s statistical

adiabatic channel treatment.42 However, the actual rate coef-
ficient will be less thankL if the reaction is endothermic or if
the density of rovibrational states on the product side is less
than on the reactant side.

We have previously32 introduced a simple heuristic formalism
to estimate switching rate coefficients, taking account of these
effects. However, comparing the predictions of this formalism
with a full RRKM calculation shows that it does not perform
well in cases where a reaction involves a large change in the
density of rovibrational states, particularly at low temperatures
where the states need to be counted individually. In this study
we have therefore applied RRKM theory to calculate a set of
switching rate coefficients for 10 combinations of ligands X
and Y appropriate to the upper atmosphere. These reactions are
listed in Table 6 in the exothermic direction. The calculations
were performed with the version of RRKM theory described
above, where the microcanonical rate coefficients for dissocia-
tion of the Y‚K+‚X intermediate to the reactants and products
are determined using inverse Laplace transform to link them
directly to their respective ion-capture rate coefficients, calcu-
lated using Langevin theory. Low-frequency degenerate bending
vibrations (<80 cm-1) in the cluster ions were treated as
2-dimensional free rotors when calculating the densities of
rovibrational states. For reactions where Y) O, an electronic
degeneracy factor was applied to reduce the Langevin rate
constant. This is because the O‚K+‚X complexes all have a
degeneracy of 3, whereas O(3PJ) has a minimum degeneracy of
5 O(3P2), increasing with temperature as the higher spin-orbit
multiplets become populated.

We now consider in detail two reactions that are central to
the ion-molecule chemistry of K+ in the MLT. The first
reaction

is essentially thermoneutral (∆H0 ) 0.7 kJ mol-1). In the case
of the second reaction,

the CO2‚K+‚N2 intermediate has a particularly high density of
rovibrational states, with two internal 2-dimensional rotors.
There is thus the possibility that association, at least in the
endothermic direction (K+‚CO2 + N2), could be competitive
with ligand-switching even at low pressures. Figure 3 illustrates
the calculated rate coefficients (using〈∆E〉down ) 200 cm-1),
both for the ligand-switching and association channels as a
function of pressure. For reaction 9, association does not
compete with switching until pressures above 104 Torr (Figure
3a). In contrast, for reaction 10 association in the endothermic
direction (K+‚CO2 + N2) is faster than switching at pressures

TABLE 6: Rate Coefficients (in cm3 molecule-1 s-1) for K +·X + Y f K +·Y + X at 200 Ka

X, Y kL
f kf kL

b kb ∆H0

O2, O 2.9× 10-10 2.8× 10-10 6.5× 10-10 1.2× 10-11 -6.3
O, N2 7.2× 10-10 2.5× 10-11 2.9× 10-10 2.9× 10-10 -0.7
O, CO2 8.0× 10-10 7.1× 10-10 2.8× 10-10 2.3× 10-14 -17.7
O, H2O 2.5× 10-9 7.1× 10-10 3.0× 10-10 5.2× 10-21 -47.8
O2, N2 6.9× 10-10 1.6× 10-10 6.3× 10-10 1.1× 10-10 -7.0
O2, CO2 7.6× 10-10 1.5× 10-10 6.1× 10-10 1.9× 10-14 -24.0
O2, H2O 2.5× 10-9 1.8× 10-9 6.5× 10-10 3.5× 10-22 -54.1
N2, CO2 7.8× 10-10 4.8× 10-10 6.8× 10-10 7.5× 10-13 -17.0
N2, H2O 2.5× 10-9 2.4× 10-9 7.1× 10-10 2.0× 10-21 -47.1
CO2, H2O 2.5× 10-9 1.4× 10-9 8.0× 10-10 5.7× 10-16 -30.1

a kL
f and kL

b are the Langevin rate coefficients for K+‚X + Y and K+‚Y + X, respectively. For reactions involving atomic O, an electronic
degeneracy factor of 0.5 (at 200 K) is applied.kf andkb are the rate coefficients calculated from RRKM theory.

Figure 2. RRKM calculations with He as third body, using the data
in Table 1: (a) plots of the low-pressure limiting rate coefficients versus
temperature for the association of K+ with N2, O2, O, CO2, and H2O;
(b) plots of the low-pressure limiting dissociation rate coefficients for
the corresponding cluster ions.

kL ) 9.5× 10-8 xR
µ

(I)

K+·N2 + O f KO+ + N2 (9)

K+·N2 + CO2 f K+·CO2 + N2 (10)
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above 0.5 Torr (Figure 3b). However, this is more than 3 orders
of magnitude higher than the pressure in the MLT, where
association should therefore be negligible.

Table 6 compares the ligand-switching rate coefficients
predicted by RRKM theory at 200 K and a pressure of 10-3

Torr, with the Langevin capture rate constants. For half of the
ligand combinations, the rate coefficients in the exothermic

direction are within 50% of their Langevin capture rate
constants, and all but one are within 20%. For the final reaction,
K+‚O + N2 f K+‚N2 + O, the rate coefficient is only 3% of
the Langevin rate constant (see Figure 3a). The reason is that
the density of rovibrational states of the products is nearly 1
order of magnitude lower than that of the reactants. This arises
for two reasons. First is the reduction in rotational degrees of
freedom, from 2 to 1. Second, in K+‚N2 the degenerate bending
frequencies are relatively high (177 cm-1); since the reaction
is essentially thermoneutral (-0.7 kJ mol-1), there will be little
energy available for internal excitation of K+‚N2, so we have
not treated the N2 as a free rotor. Note that if the degenerate
bending modes are treated as free rotors,k(K+‚O + N2)
increases to 2.8× 10-10 (T/200 K)-0.32, which is 40% of the
Langevin capture rate, but this has very little effect on the
atmospheric model results described below.

5. Atmospheric Modeling

The full set of reactions required to model the ion-molecule
chemistry of potassium in the MLT are listed in Table 7. The
charge-transfer reactions that produce K+ (reactions 2 and 3)
do not appear to have been studied. Their rate coefficients were
therefore estimated by taking the measured rate coefficients for
the analogous reactions of Na with NO+ and O2

+ 47 and scaling
by a factor of 1.2 to take account of the relative Langevin
collision frequencies of K and Na with these ions. Reactions
4-8 are the association reactions that form the primary cluster
ions, of which reaction 4 is dominant because of the high
concentration of atmospheric N2. The RRKM calculations in
section 3 were made with He as the third body, for comparison
with laboratory measurements. To take account of the higher
relative efficiency of N2 (and O2) as a third body in the
atmosphere, the rate coefficients of reactions 4,-4, 5, -5, 6,
-6, 7, and 8 are multiplied by a factor of 4. This factor is based
on an extensive literature survey of the relative efficiencies of
N2 and He.30

TABLE 7: Neutral and Ionic Gas-Phase Reactions in the Potassium Model

no. reacn rate coeffa sourceb

R1 K + hν f K+ + e- 4 × 10-5 1
R2 K + NO+ f K+ + NO 9.4× 10-10 2
R3 K + O2

+ f K+ + O2 3.2× 10-9 2
R4 K+ + N2 (+M) f K+‚N2 2.3× 10-30 (T/200)-2.39 3
R-4 K+‚N2 (+M) f K+ + N2 2.8× 10-8 exp(-1680/T) 3
R5 K+ + O2 (+M) f K+‚O2 1.2× 10-30 (T/200)-2.12 3
R-5 K+‚O2

+ (+M) f K+ + O2 1.5× 10-9 exp(-820/T) 3
R6 K+ + O (+M) f K+‚O+ 8.8× 10-32 (T/200 K)-1.28 3
R-6 K+‚O+ (+M) f K+ + O 2.6× 10-10 exp(-1800/T) 3
R7 K+ + CO2 (+M) f K+‚CO2 1.3× 10-29 (T/200)-2.43 3
R8 K+ + H2O (+M) f K+‚H2O 3.0× 10-29 (T/200)-2.22 3
R9 K+‚N2 + O f K+‚O + N2 2.9× 10-10 (T/200 K)-0.17 3
R-9 K+‚O + N2 f K+‚N2 + O 2.5× 10-11 (T/200 K)-0.55 3
R10 K+‚N2 + CO2 f K+‚CO2 + N2 4.8× 10-10 (T/200 K)-0.88 3
R-10 K+‚CO2 + N2 f K+‚N2 + CO2 2.8× 10-10 exp(-2220/T) 3
R11a K+‚O2 + O f K+‚O + O2 2.8× 10-10(T/200 K)-0.42 3
R-11 K+‚O + O2 f K+‚O2 + O 5.0× 10-10 exp(-752/T) 3
R12 K+‚O + CO2 f K+‚CO2 + O 7.1× 10-10(T/200 K)-0.21 3
R-12 K+‚CO2 + O f K+‚O + CO2 1.4× 10-9 exp(-2200/T) 3
R13 K+‚O + H2O f K+‚H2O + O 7.1× 10-10(T/200 K)-1.90 3
R14 K+‚O2 + N2 f K+‚N2 + O2 1.6× 10-10(T/200 K)-0.90 3
R-14 K+‚N2 + O2 f K+‚O2 + N2 1.0× 10-9 exp (-873/T) 3
R15 K+‚O2 + CO2 f K+‚CO2 + O2 1.5× 10-10(T/200 K)-1.94 3
R16 K+‚O2 + H2O f K+‚H2O + O2 1.8× 10-9 (T/200 K)-0.99 3
R17 K+‚N2 + H2O f K+‚H2O + N2 2.4× 10-9 (T/200 K)-0.45 3
R18 K+‚CO2 + H2O f K+‚H2O + CO2 1.4× 10-9 (T/200 K)-1.26 3
R19 K+‚X + e- f K + X (X ) N2, O2,CO2, H2O and O) 1× 10-6 (T/200)-1/2 4

a Rate coefficient units: unimolecular, s-1; bimolecular, cm3 molecule-1 s-1; termolecular, cm6 molecule-2 s-1. b Key: (1) Swider;34 (2) scaled
from the analogous Na reactions (see text); (3) calculated from RRKM theory; (4) estimated.2

Figure 3. RRKM calculations of the rate coefficients at 200 K for (a)
the K+‚N2 + O T K+‚O + N2 system and (b) the K+‚N2 + CO2 T
K+‚CO2 + N2 system, showing the ligand-switching and association
channels as a function of pressure.
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Reactions 9-18 are a subset of the ligand-switching reactions
considered in section 4. The omitted reactions are too slow to
be significant in the MLT because of their large activation
energies. Note that in addition to ligand-switching, the reactions
K+‚O + O2 and K+‚O2 + O could undergo exothermic chemical
reactions to form K+ + O3. Similarly, the reaction K+‚O + O
could produce O2(a1∆g and b1Σg

+, if spin is conserved).
However, the concentrations of K+‚O and K+‚O2 are predicted
to be so low in the atmosphere, because of their thermal
instability, that the model is not sensitive to these reactions even
if they occur at the collision rate. Reaction 20 encompasses the
group of electron recombination reactions K+‚X + e- f K +
X. None of these dissociative recombination reactions appears
to have been studied, sok20 is set to a value and temperature
dependence typical for this type of reaction.48

The distribution of K-containing ions in the MLT is now
modeled by inserting this set of reactions into our 1-dimensional
model of potassium,2 updated with the diurnally resolved
temperature profile measured by a Na lidar.49 As an example,
we show results for midlatitudes (40-55° N) in January. Figure
4 illustrates the predicted profiles of K, K+, and the molecular
K+ ions at midday and midnight. K+, K+‚CO2, and K+‚H2O
are predicted to be the dominant ions. The large diurnal variation
of K above 100 km is due to the daytime conversion of K to
K+, which is caused by the 1 order of magnitude increase in
NO+ and O2

+ (reactions 2 and 3), and photoionization. Below
100 km, K+ exhibits a large diurnal variation, becoming severely
depleted at night. However, it is important to note that this model
provides a steady-state solution of the potassium chemistry; that
is, the chemistry readjusts instantaneously as the densities of
species such as atomic O, major ions, and electrons and
temperature vary over a diurnal cycle. The midday and midnight
profiles in Figure 4 are therefore limiting cases: as we will
show below, the time constants in the potassium chemistry

become quite long (>1 day) above 100 km, so that the diurnal
variations will be smaller than in Figure 4.

Measurements of ions in the MLT have been made by rocket-
borne mass spectrometry since the 1960s, and K+ has been
assigned to mass 39.16-20 Although this mass could also be
NaO+, we have shown previously32 that this ion should have a
concentration well below 0.1 cm-3. The small number of K+

measurements that have been published show a broad peak in
the ion profile between about 95 and 100 km, with peak
concentrations of 20-100 cm-3, and some evidence of K+

below 90 km in daytime.18,19 These concentrations are in
sensible accord with the model predictions in Figure 4. Figure
4b includes a plot of the nighttime average atomic K profile
measured by lidar at 54° N in January.2 This profile compares
very well with the model prediction.

Figure 5 illustrates the predicted lifetime of K+ against
neutralization to K, as a function of height for midday and
midnight. This plot demonstrates that the K+ lifetime varies by
more than 2 orders of magnitude, from about 2 h at 85 km to
nearly 1 month at 110 km. Comparison with our study on Na+ 32

shows that the lifetime of K+ is about 200 times longer around
90 km. This is because of the rapid thermal dissociation of
molecular ions such as K+‚N2, which competes with ligand-
switching or dissociative recombination with electrons. In
contrast, the Na+ molecular ions are more stable (by about 12
kJ mol-1 in the case of Na+‚N2).

The K+ lifetime is therefore a complex function of [e-], [O],
and temperature (because of the strongT-dependences ofk-4,
k-5, and k-6). Above 95 km, the midday lifetime is roughly
10-20 times shorter than at midnight, because [e-] is about 1
order of magnitude larger. However, below 90 km, the daytime
lifetime is actually longer because of the large increase in [O]
during the day between 80 and 90 km: reaction 9 (K+‚N2 +
O) then competes with reaction 10 (K+‚N2 + CO2), thereby
preventing the formation of the more stable clusters. Note that
the midday lifetime profile exhibits a pronounced minimum just
above 100 km, which corresponds to a minimum in the
temperature profile (Figure 5). This behavior is explained by
the decrease in the thermal dissociation rates of the weakly
bound K+ clusters at the lower temperatures.

6. Conclusions

High-level ab initio calculations have provided the input for
RRKM calculations to estimate the rate coefficients for a series
of association and ligand-switching reactions that should govern

Figure 4. Predicted vertical profiles of K, K+, and the K+ cluster ions
at 40° N in January: (a) midday; (b) midnight. The gray line indicates
nighttime lidar measurements of K from ref 2.

Figure 5. Predicted profiles of the lifetime of K+ against neutralization
to K (full lines) and the atmospheric temperature (broken lines): midday
(gray); midnight (black).
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the ion-molecule chemistry of K+ in the MLT. The results
show that K+ does not form strongly bound clusters (or chemical
bonds) with N2, O2, or O, unlike the other metallic ions that
occur in the MLT and have been studied in the laboratory (e.g.
Fe+, Mg+, Na+, Ca+). This property prevents K+ forming
clusters which are sufficiently long-lived to switch with CO2

or H2O and then undergo dissociative recombination with
electrons. The result is that K+ should have a much longer
lifetime than these other metallic ions in the upper atmosphere.
Note that the failure of the simple formalism32 for predicting
ligand-switching rate constants will have some implications for
our previous study of sodium ion chemistry in the mesosphere;
however, the effects are not expected to be very large because
the important switching reactions between N2 and O were treated
by full RRKM theory.

Finally, we consider the impact of this chemistry on a Ks

layer forming from the K+ ions in a descending sporadic E layer.
With extrapolation from our work on Nas and Fes layers, a Ks
layer will be triggered by a sharp decrease of K+ lifetime with
decreasing altitude. Interestingly, K+ lifetimes should be much
more variable compared to Na+ and Fe+ lifetimes. This is
because the Na+ lifetime above 90 km is largely governed only
by [O],30,32and the Fe+ lifetime by both [O] and [e-],50 but the
K+ lifetime is governed by both these parametersand the local
temperature. Thus a Ks layer might not appear together with a
Nas and Fes layer unless a sporadic E layer descended into a
cold region, for instance produced by an atmospheric gravity
wave.1 An experiment where lidar observations were made of
the K and either Na or Fe density, temperature (from high-
resolution lidar measurements of one of the metals1), and
electron density measurements with an incoherent scatter radar28

would provide a detailed test of the predictions of this ion-
molecule scheme. Finally, laboratory studies are required of the
association reactions of K+, as well as of the reactions of the
resulting K+ cluster ionssthermal dissociation, ligand-switching,
and recombination with electrons.
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