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High-level ab initio calculations were carried out on a series ofcluster ions (X= O, O,, N,, CO,, H,0)

and XK"Y ions. Rice-RamsbergerKasset-Markus theory was then used to estimate the rate coefficients

for a series of recombination and ligand-switching reactions that govern theriolecule 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 thafd¢ms weakly bound clusters with,NO,, and

O (the major atmospheric species), with binding energies between 10 and 22 kJEweh under atmospheric
conditions (200 K and 1@ Torr), these cluster dissociate in less than 1 s. This prevents the formation by
ligand-switching of the more stable G@nd HO clusters, which could then undergo dissociative recombination

with electrons to produce K. The result is that Kbns have a much longer lifetime against neutralization in

the upper atmosphere than other metallic ions such asaNe Fe.

1. Introduction first sporadic layers to be discovered were,Nand these have

) o now been quite extensively studigd?® The most promising
The major source of potassium in the upper mesosphere andayp|anation for Naformation is the neutralization of Néons

lower thermosphere (MLT) is the ablation of the-Z80 tons  concentrated in a sporadic E layer(EThe observational
of interplanetary dust that enters the atmosphere eachTaig.  gvidence for this is the high correlation in time and space
gives rise to a layer of K atoms between 80 and 105 km that is petween Naand E.2526.2829An atmospheric model of sodium
global in extent. At midlatitudes, the K layer has a full width jon—molecule chemistr§ developed from laboratory kinetic

at half-maximum of about 9 km and a peak concentration of measurements and quantum theory calculatiof&has been
50-60 cni® at a height of about 88 kihThe layer has been  ysed to reproduce several case studies affbmation2329

observed by solar-pumped resonance fluorescence during
twilight®~> and by resonant lidar (laser radar) operating on the
Di line at 769.9 nm [K(8Py,—42S,,)].2 11 Lidar measurements

have also confirmed the presence of K atoms in fresh meteor
trails 12715 K+ ions have been observed by rocket-borne mass
spectrometry5-22 Although only about 15 rocket flight mea-

surements have been reported, there appears to be a permanent

K* ions form directly in the MLT via hyperthermal collisions
(impact energy> 4 eV) between ablating K atoms and air
molecules’® However, they also form continuously from K
atoms in the background layer, via photoionizafiband charge
transfer with ambient ion%:

+ -
layer of K* ions above 90 km, with a concentrations up-tb00 K+h—K"+e 1)
cm~3. This background ion concentration can be considerably
enhanced, by more than 1 order of magnitude, in a sporadic E K +NO"— K"+ NO (2)
layer?2
In this paper we describe a theoretical study of the—ion K+0,"—=K™+0, (3)

molecule chemistry of potassium, to understand hotvaid

Kare coupled in the MLT' The application of theory is required  tpe rate of charge transfer dominates and exhibits a large diurnal
because the only experimental studies appear to have been Ofjariation because the daytime plasma density increases by

the reactions of K with O5* and with G and HO 2 No kinetic roughly 1 order of magnitudeHunter#® suggested that another
studies of reactions involving K cluster ions have been source of K- might be Penning ionization: K- O(1Ag) —

reported. The reasons for exploring this chemistry in detail are ¢+ O, + e. However, this process still requires 3.35 eV of

to model the diurnal variation of th_e topsi_de of the global K energy and so will be virtually nonexistent at the low temper-
layer and to understand the very interesting phenomenon of atures in the MLT.

sporadic potassium layers {KKs 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 mint{tése

Neutralization of K can occur through radiative recombina-
tion with electrons (K + e — K + hv), but this is very
inefficient3® Instead, K must first complex with a ligand X,
where X= N, O,, O, CQ, or H,O (in order of decreasing

Part of the special issue "fgen Troe Festschrift’. atmospheric concentration), and then perhaps undergo ligand-
* To whom correspondence should be addressed. Lo . .
* University of East Anglia. switching with another atmospheric component Y_ to form a
8 University of Nottingham. more stable complex, before undergoing dissociative electron
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Figure 1. Schematic diagram of the iemmolecule chemistry of
potassium in the upper atmosphere. (Some minor pathways are omitte
for clarity.)

recombination:
K+ X (+M) — K*-X
K'X +Y—=K"Y +X
K™Y +e —K+Y

Here M is a third body (most likely Nor O,). 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 RiRamsberger
Kasset-Markus (RRKM) calculations to estimate rate coef-
ficients for the recombination reactions betweehatd X, the
unimolecular dissociation reactions of thé-& 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 lons

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 heret-K, and K*-

CO; were both found to be linedf,while K*-H,O was most
stable with the K positioned along th€, axis, interacting with

the oxygen atom! these three species are closed-shell singlets.
The KO, complex is also linear with &~ ground staté8
Neutral K& is a largely ionic stable molecule with a Coulombic
interaction between Kand Q™. lonization amounts essentially
to loss of an electron from £ and the formation of the weakly

Plane et al.

bound K"-O, complex. In a similar way, the kO complex is
formed upon ionization of the KO molecule and is alstza
state3®

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 the
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

%orm to the aug-cc-pV5Z basis set. The contraction coefficients

were obtained from Hartred=ock 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-
tions37-39 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 mot (+4 kJ mol?),
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 thelK

and KO, ions are consistent with the observed lack of a fast
bimolecular reaction between*kand Q.23

2.2. Intermediate Cluster lons. The binding energies,
vibrational frequencies, and rotational constants of the inter-
mediate cluster ions formed during ligand-switchingkKX-Y
Wwere 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
employed-this has the LANL2 effective core potential, but the
valence basis set is replaced with one we developed previ8usly
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;"KCO, + N, — K™+N, +
CO; and KO + N, — K*+N, + O, are particularly important
in controlling the rate at which K is neutralized in the
atmosphere. Geometry optimizations oph\™-CO, and OK *-
N, were therefore also performed at the QCISD level, that is,
at the same level of theory as for the monoligated cluster ions.
For the OK™:N, complex, we considered both end-on and
sideways binding of the N 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 ofwas a
A, saddle point, lying ca. 1400 crh above the3=~ linear
minimum, where the open-shell nature arises from the unpaired
electrons on the O atom. The QCISD-optimized geometry was

TABLE 1: Total Energies, Spectroscopic Parameters, and Binding Energies for the kX Complexes

species energy rotatonl consts vibrationl frect binding energy
KT-O,(327) —178.373 649 231 424, 102 (), 1646 ©) 121
K*+OEZ") —103.188 074 5.07 129§ 17.6
K++No(1Z) —137.602 825 243 135}, 177 (r), 2350 @) 18.3
K+-COy(1=H) —216.596 179 1.46 761), 144 ), 664 (1), 1349 @), 2349 ¢) 34.1
K+-H,O(A,) —104.578 742 436.3,5.75, 5.65 218, 358, 368, 1663, 3820, 3914 64.2

aEnergies in hartrees, at the (R)CCSD(T)/ECP10MWB[10s9p6d4f3g] level of thE@Ky) = —28.182 116E;,, E(O,) = —188.400 496k,
E(O) = —74.999 394E;,, E(N;) = —109.413 0945, E(CO;) = —188.400 496&;,, andE(H,0) = —76.369 127E. In GHz.¢In cm™. 4 At 0 K,
in kJ molL. Zero-point energies of ligands, in kJ mal 9.48 (Q); 14.1 (N); 30.4 (CQ); 54.0 (HO).
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TABLE 2: Calculated Geometry and Vibrational Frequencies for O-K N, (X3x7)2

method Run/A Ran/A ReolA energyEr vibrationl freg/cnr?
B3LYP 1.090 2.962 2.992 —212.657 461 4.37), 93.9 ¢), 107.2 (1), 132.6 (), 2455.4 ()
MP2 1.114 2.924 2.970 —212.288 871 2.7:), 98.8 ), 105.7 (r), 140.4 ¢), 2191.9 6)
QCISD 1.097 2.948 2.981 —212.321 915
RCCSD(T) b b b —212.608 453

2 For details and basis sets employed, see fe®ingle-point calculation at the QCISD-optimized geometry.

TABLE 3: Calculated Geometry and Vibrational Frequencies for NyK ™02CO?! (X1x+)a
method  RoidA RocdA Rox/A Ra/A Rw/A  energyE, vibrationl freg/cnm?

B3LYP 1.148 1172 2.688 2.973 1.090—326.233341 9.54), 66.0 (r), 87.2 (), 106.5 (), 146.8 ¢), 666.0 (1), 1372.8 6),
2417.7 ), 2455.0 6)

MP2 1.158 1.181 2.664 2.930 1.114-325.658486 2.97), 64.2 (), 91.9 @), 104.1 (r), 154.6 ¢), 652.2 (1), 1333.1 6),
2192.0 ¢), 2416.8 6)

QCISD 1149 1174 2676 2951 1.097-325.667 462
RCCSD(T) ® b b b b ~326.016 175

2 For details and basis sets employed, see fe®ingle-point calculation at the QCISD-optimized geometry.

TABLE 4: Calculated Energies, Rotational Constants, and Vibrational Frequencies for the YK *-X IntermediatesP
X, Y MP2 energyE, rotationl consts (GHz) vibrationl freq/crh

H;0,CO, —292.641314 436.62,0.77,0.74 17.8)(H8.4 (), 62.0 (), 62.3 (k), 111.0 (a), 212.3 (a), 342.0 (h), 358.7 (b), 666.6 (h),
666.6 (b), 1373.2 (a), 1664.2 (a), 2417.1 (a), 3776.5 (a), 3855.2 (b)

H;0,0,  —254.431995 436.38,1.04, 1.04 18.5)(18.9 (h), 42.7 (), 42.8 (B), 82.2 (), 213.8 (a), 346.4 (), 365.7 (B), 1637.5 (a),
1664.8 (a), 3775.3 (a), 3853.4 (b)

H,0, N,  —213.679171 436.56,1.11, 1.11 17.9)(1.8.6 (h), 96.3 (a), 103.8 (B), 104.0 (h), 212.8 (a), 344.9 (h), 363.7 (b),
1664.6 (a), 2454.7 (a), 3775.8 (a), 3854.1 (b)

0, CO,  —366.411127 0.48,0.48 9.4), 9.4 (1), 41.4 (r), 41.4 (7'[) 66.3 (r), 66.3 (1), 76.1 ), 143.6 ), 665.8 (), 665.8 1),
1373.0 ¢), 1638.3 ), 2418.0 )

02, Nz —287.448342 0.68, 0.68 7.4), 7.1 (1), 44.6 (r), 44.6 (1), 77.5 ©), 107.8 (1), 107.8 (), 124.4 6), 1637.8 6), 2455.5 6)

0,CO,  —291.251599 0.74,0.74 6.17), 6.1 (7), 65.7 (r), 65.7 (1), 97.4 @), 146.7 6), 665.8 (1), 665.8 (), 1372.9 6), 2417.9 6)

O,H,0  —179.272389 436.49,1.84,1.83 15.4)(15.8 (k), 105.7 (a), 212.9 (@), 350.0 (k), 366.3 (B), 1665.5 (a), 3774.3 (a), 3852.1 (b)

0,0 —253.041379 0.98, 0.98 12.4) 13.5 (r), 24.7 @), 43.4 (1), 43.4 (z), 99.5 (), 1638.4 6)

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 &ther C.., labels. For the linear complexes there are
only two rotational constant8.The corresponding MP2 energids,) for the 1:1 complexes and the ligands were calculated at the same geometries
as used in Table 1 and were as follows?-K,0 (—104.307 092), K-CO, (—216.285 660), K-N, (—137.320 333), K-O, (—178.075 061), K-O
(—102.916 018), KO (—76.328 958), CQ(—188.321 234), b (—109.364 164), @(—150.120 596), O{74.959 294).

used to obtain the rotational constants for the RRKM calcula- Table 4 lists the parameters for all the other intermediate
tions. Vibrational frequencies were calculated at the MP2 and cluster ions, where MP2 energies were used to calculate the
B3LYP level of theory; the better agreement of the B3LYP binding energies and B3LYP vibrational frequencies and MP2
geometries with the QCISD ones led us to use the BSLYP geometries were used for the RRKM calculations. The lowest
vibrational frequencies in the RRKM calculations. A further energy isomer only was used in each case, and as can be seen,
RCCSD(T)/aug-cc-pV5Z single point calculation was performed these were linear except for the cases involving water, where
at the QCISD-optimized geometry to obtain more accurate the lowest energy geometries wetsg,.
energies. The relevant parameters are given in Table 2. The ] o
binding energy of O to K-N, is 16.0 kJ mof2. 3. RR_KM Calculations on the KT + X Recombination

For the N-K*-CQ;, intermediate either, or both, ligands could Reactions
approach end-on or side-on. However, as we have found The following recombination reactions of *Kcould be
previously with CQ ligands binding to cations, the side-on important in the MLT:
approach is unstable as the- carbon atom is repelled by the

cation. Thus, the COwas constrained to approach end-on, and K™+ N, (+M) — KN, (4)
optimizations were carried out for the,Neing in the two

orientations. As with the €&*-N, intermediate, the side-on K™+ O, (+M) — K“L-O2 (5)
approach was found to be a saddle point at the three levels of

theory attempted, lying 1350 crh above the linear'=* K*+ 0 (+M)—K"0 (6)
minimum. The linear QCISD-optimized geometry was used to

obtain the rotational constants for the statistical mechanics K+ CO, (+M) — K“L-CO2 @)
calculations. Vibrational frequencies were calculated at the MP2

and B3LYP level of theory; again, the better agreement of the KT+ H,O (+M) — K+-H20 (8)

B3LYP geometries with the QCISD ones led us to use the

B3LYP vibrational frequencies in the RRKM calculations. A To estimate the rate coefficierks_g over the temperature range
further RCCSD(T)/aug-cc-pV5Z single point calculation was (120—240 K) and pressure range { mTorr) characteristic of
performed at the QCISD-optimized geometry to obtain more the MLT, we now apply RRKM theory using a master equation
accurate energetics. The relevant parameters are given in Tabl¢ME) formalism based on the inverse Laplace transform
3. The binding energy of C£Xto KN, is 32.2 kJ motl. method!® We have recently described the application of this



3096 J. Phys. Chem. A, Vol. 110, No. 9, 2006 Plane et al.

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

reacn eA/cmPmoleculet st [AEow/cm™t krec 5/cmP molecule? st Kdiss 8/cm® moleculet st
K+ + Nz + He 7.65x 10710 200 5.7x 10731 (T/200 K)23° 7.1 x 107 exp(—1680M)
K+ + 0, + He 7.07x 10710 200 3.1x 1031 (T/200 K) 212 3.6 x 10" exp(~821/)
K™+ O+ He 6.23x 10710 200 2.2x 10732 (T/200 K) 128 6.6 x 107 exp(—1810T)
K+ -+ CO, + He 8.79x 10710 100 3.3x 10730 (T/200 K) 243 3.5 x 1078 exp(—3470)
K+ + H,0 + He 1.81x 1079 exp(74T) 100 7.5% 10730 (T/200 K) 222 2.4 x 1077 exp(~7380M)

2 High-pressure limiting association rate coefficiehEor He as third body, at 300 K.Low-pressure limiting association rate coefficiehLow-
pressure limiting dissociation rate coefficient.

formalism to recombination reactions of metallic speéiesp for Na™+N, from a recent ab initio calculatiotf,then we obtain
only a brief description is given here. The reactions are assumedexcellent agreemenk & 1.2 x 1073 (T/200 K)~223 when the
to proceed via the formation of an excited adduct (X*), only adjusted parameters a®ElJoun, Set to 200 cm?, and its

which could either dissociate or be stabilized by collision with temperature dependence expressef'asheren is set to 0.45.

the third body, M. Here we take M as He, to compare with Note that if the low-frequency bending modes of Nd, are
experiment. The internal energy of the adduct was divided into not treated as a free rotor, then the estimated rate coefficient is
a contiguous set of grains (width 15 ch), each containing a  a factor 7.1-7.6 times slower over the temperature range-120

bundle of rovibrational states. Each grain was then assigned a400 K and clearly in disagreement with experiment.
set of microcanonical rate coefficients for dissociation, which Using these parameters fGAElon and n and molecular
own

were determined using inverse Laplace transformation to link parameters for N2O, from another ab initio calculatioff,we
them directly tOkrecy, the high-pressure limit recombination -\ . K(Na* + O, + He) = 5.5 x 10-3L (T/200 K)-226 crrf

coefficient?? In the case of these iermolecule reactionsgecs 2 el o .

was calculated using Langevin theory. For reaction 8, the-ion molecule® s, which compag?s well W'th_EQ(gArzefZl;;fd result

dipole interaction betweenKand O was included using the ~ Of K = (5.20 = 2.62) > 107 (T/200 K)~* 0 we

statistical adiabatic channel treatment of T#dkec, was then ~ therefore have some confidence in estimatiaandks for the

expressed in the Arrhenius form,, exp(—E./RT); the results analogous reactlpns of 'K The re_su_lts are I|steq in Table 4.
Note that the estimated value kf is in accord with an upper

are listed in Table 5. A ' i
limit of 2 x 1073% cm3 molecule’! s™2 measured in a drift tube

The density of states of the adduct was calculated with the : . o .
Beyer-Swinehart algorithif? for the vibrational modes (without ~ €XPeriment For the association of Kand O ks was estimated

making a correction for anharmonicity) and a classical densities USing the same parameters faEldown andn.
of states treatment for the rotational modes. The molecular For the reactions Na+ CO; and Na + H;O, RRKM
parameters listed in Table 2 were used. In the case of reactionscalculations using quantum calculatiéhsn Na'-CO, and Na -
4,5, and 7, the lowest frequency degenerate bending mode ( H,O agree satisfactorily with the measured rate coefficiérits
symmetry) of the adduct was treated as a 2-dimensional freeif [AE[ownfor He is set to 100 crm, with n remaining as 0.45.
rotor. For reaction 8, the out-of-plane and in-plane rocking The rate coefficient for reaction 8 is then 3.6410°3° cm®
modes of the KO (218 and 368 crmt) were also treated as @  molecule? s, which is in good accord with the drift tube
2-dimensional free rotor. We have shown elsewhere, using measurement of (2.6 0.7) x 10730 cmf molecule? s1.24
trajectory calculations, that this is a good approximation becauseA|though this value foAEdown is still within the expected
of the very long range intermolecular forces that govern these range for He as a third bodyt is half the value that produces
reactions! the best RRKM fit to the reactions of Navith N, and Q (see
The ME describes the evolution with time of the adduct grain above). This does most ||ke|y not |mp|y anything fundamenta”y
populations. The probability of collisional transfer between gifferent about the energy transfer processes involved in these
grains was estimated using the exponential down model, whereygactions-rather, it indicates that the assumption of free rotors

the average energy for downward transitio@sldown, WaS 8N i the Na+CO, and Na+H,0 complexes is an oversimplifica-
adjustable parameter between 100 and 200'dor He at 300 o If the rotors are in fact partially hindered (resulting in

K.*3 The collision frequency between the adduct and He was
calculated from Langevin theory, yielding 5.4 x 10710 cm?®
molecule! s71 for the five reactions. To use the ME to simulate
irreversible stabilization of the adduct, an absorbing boundary
was set 10 kJ mol below the energy of the reactants, so that h > ) : -
collisional energization from the boundary to the threshold was then estimated by detailed balance k& o using the data in
highly improbable. The ME was then expressed in matrix f8rm Table 1 to calcu'late the relevant nghbngm constants. The
and solved to yield the recombination rate constant at a specified®Sults are also listed in Table 5. Figure 2 illustrétgso and
pressure and temperature. Note that all five reactions were foundkdiss.o @s @ function of temperature for the five reactions. As
to be essentially at their low-pressure limits at a pressure of €Xpected keco is predicted to have a negative temperature
103 Torr. dependence and is a function of theé K binding energy so
Reaction 4 is likely to be the most important of these that association with is slow and association with 0 is
association reactions in the MLT, because N the most fast. The slowest reaction is aCtua”YH‘ 0O, because the &
abundant potential ligand. Although reaction 4 has not been O adduct has only one vibrational mode and hence a relatively
studied experimentally, we have measured the rate coefficientlow density of rovibrational states. The dissociation rate
for the analogous reaction of Naobtainingk(Nat + N, + coefficients have much larger (and positive) temperature de-
He, 93-255 K) = (1.20+ 0.13) x 10730 (T/200 K)~(2-20£0.09) pendences. Note thiiss ofor K*+Nz and K-O, is larger than
cn® molecule? s7131 If we apply the RRKM formalism 10713 cm® molecule® st at 200 K, so that these cluster ions
described above to this reaction, using the molecular parameterswill survive for less tha 1 s at 95 km in thenesosphere.

slower rate coefficients), then our RRKM fit will be optimized
with a largerfAEldown, Since this is the only adjustable parameter
in the model.

The unimolecular dissociation rate coefficientgssowere
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TABLE 6: Rate Coefficients (in cm® molecule™ s71) for K =X + Y — K*Y + X at 200 K&

X, Y ke f K k P kP AHo
0., 0 29x 10710 2.8x 1010 6.5x 10710 1.2x 101 —6.3
O, N, 7.2x 10710 25x 101 29x 1010 29x 10710 —-0.7
0, Co 8.0x 1071 7.1x 101 2.8x 10710 2.3x 10+ —17.7
0O, H:0 25x 10° 7.1x10°%0 3.0x 10710 52x 102 —47.8
02, N2 6.9x 101 1.6x 1070 6.3x 10710 1.1x 1070 —-7.0
0,, CO, 7.6x 10710 15x 10°%0 6.1x 10710 1.9x 10 —24.0
0O, H:0 25x 10° 1.8x10° 6.5x 10710 35x 102 —54.1
N2, CO; 7.8x 10710 4.8x 10710 6.8x 10710 75x%x 1071 —17.0
N2, H.O 25x 10° 2.4x10° 7.1x 1070 20x 10 —47.1
CO,, HO 25x 107° 1.4x 10°° 8.0x 10710 5.7x 10716 —30.1

ak fandk. are the Langevin rate coefficients for'rkK + Y and K.Y + X, respectively. For reactions involving atomic O, an electronic
degeneracy factor of 0.5 (at 200 K) is appliéandk® are the rate coefficients calculated from RRKM theory.

adiabatic channel treatmefitHowever, the actual rate coef-
ficient will be less thark,_ 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 previousf 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
150 200 250 300 350 400 and Y appropriate to the upper atmosphere. These reactions are
Temperature / K 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 cnt?) in the cluster ions were treated as
2-dimensional free rotors when calculating the densities of
rovibrational states. For reactions where=YO, an electronic
degeneracy factor was applied to reduce the Langevin rate
le-16 1 N constant. This is because thekD-X complexes all have a
\ K"L.O K".CON Y degenerqcy of 3,. Whereasgei) has a minimum .degener.ac.y of
le-17 N2 AN 1 5 O@P,), increasing with temperature as the higher sgirbit
le-18 N . . N, . multiplets become populated.
0.003  0.004 0005 0006 0.007  0.008 We now consider in detail two reactions that are central to
the ion—molecule chemistry of K in the MLT. The first
reaction
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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 Kvith N, O,, O, CQ,, and HO; K™N; +O0—KO" +N, ©)

(b) plots of the low-pressure limiting dissociation rate coefficients for .
the corresponding cluster ions. is essentially thermoneutraAty = 0.7 kJ mof?). In the case

of the second reaction,
4. RRKM Calculations on the K™+X + Y N N
Ligand-Switching Reactions K™N, + CO,—K"™CO, + N, (10)

The upper limit to the rate coeffic+ient for aligand-switching  {he cq.-K+:N, intermediate has a particularly high density of
reaction of the form K-X + Y — K™Y + Xis given by the 1 ihrational states, with two internal 2-dimensional rotors.

Langevin limit, k- (in cm® molecule* s™): There is thus the possibility that association, at least in the
endothermic direction (K*CO, + N), could be competitive
k =9.5x 10°8 \/é ) with ligand-switching even at low pressures. Figure 3 illustrates
' the calculated rate coefficients (USIBYE[Jown = 200 cnT?),

both for the ligand-switching and association channels as a
Here a is the static polarizability in handu is the reduced function of pressure. For reaction 9, association does not
mass of the reactants in kg molectielf the reactant Y hasa  compete with switching until pressures abové T6rr (Figure
permanent dipole (e.g. ), thenk is increased by a factor  3a). In contrast, for reaction 10 association in the endothermic
that may be conveniently estimated using Troe's statistical direction (K"-CO, + N) is faster than switching at pressures
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TABLE 7: Neutral and lonic Gas-Phase Reactions in the Potassium Model
no. reacn rate coeff sourcé
R1 K+hy—Kt+ e 4% 10°° 1
R2 K+ NO*—K* 4+ NO 9.4x 10710 2
R3 K+ O,f — K"+ 0, 3.2x 10° 2
R4 K* -+ N2 (+M) — K*+N 2.3 x 10730(T/200) 239 3
R-4 K*+Ng (+M) — K+ + N3 2.8 x 1078 exp(-1680T) 3
R5 K* -+ Oy (+M) — K+-O; 1.2 x 10739 (T/200) 212 3
R-5 K+Oz" (+M) — K+ + O, 1.5x 1079 exp(-8207) 3
R6 K™+ O (+M) — K+-O* 8.8 x 10732 (T/200 K) 128 3
R-6 KO (+M) — K+ + O 2.6 x 10710 exp(-18007) 3
R7 K™ + CO, (+M) — K*-CO; 1.3 x 1072° (T/200) 24 3
R8 K+ 4+ Hz0 (+M) — K*+-H,0 3.0x 10729 (T/200) 222 3
R9 K**N, + O — K*O + N, 2.9x 1071°(T/200 K017 3
R-9 Kt-O+ N— K*N;+ O 2.5x 10711 (T/200 K) 055 3
R10 KN + CO, — K*CO, + N> 4.8 x 1071°(T/200 K)0-88 3
R-10 K™ CO; + N, — K*+N, + CO, 2.8 x 10710 exp(-2220T) 3
R1lla KO+ O—K™0+ O, 2.8 x 107%0(T/200 K)~0-42 3
R-11 KO+ O,— K0, + O 5.0x 10710 exp(-752T) 3
R12 KO+ CO,—~ K™CO,+ O 7.1x 1071°(T/200 K)0- 3
R-12 Kt-CO;+ O—K*+0O+ CO, 1.4 x 107 exp(-2200T) 3
R13 KO + H,O0— K*™H,0+ O 7.1x 1071°(T/200 K)~1-%0 3
R14 KO, + Np— K*-Np + O, 1.6 x 10719(T/200 K)~0-0 3
R-14 KNz + O, — K0, + N, 1.0x 109 exp (1873 3
R15 KO, + CO,— K*"CO, + O, 1.5x 10719(T/200 K)~1-94 3
R16 KO, + H,O — KT+H,O + O, 1.8 x 107°(T/200 K)=0%° 3
R17 K*+N, + H,O — K*+H,O + N, 2.4 x 107°(T/200 K)™ 045 3
R18 KCO, + H,O — K*+*H,O + CO, 1.4 x 1079(T/200 K)~126 3
R19 KX + e — K+ X (X =Ny, 0,,CO;, H;0 and O) 1x 1076 (T/200) 12 4

2 Rate coefficient units: unimolecular;’s bimolecular, crd molecule! s™%; termolecular, ctimolecule? st P Key: (1) Swider?* (2) scaled
from the analogous Na reactions (see text); (3) calculated from RRKM theory; (4) estitnated.
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Figure 3. RRKM calculations of the rate coefficients at 200 K for (a)
the K'Ny + O <= K™-O + N system and (b) the kN, + CO, <
K*-CO, + N system, showing the ligand-switching and association
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channels as a function of pressure.

direction are within 50% of their Langevin capture rate
constants, and all but one are within 20%. For the final reaction,
K*-O 4+ N, — K*:N; + 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"KN; the degenerate bending
frequencies are relatively high (177 chy since the reaction

is essentially thermoneutrat-Q.7 kJ mot?), there will be little
energy available for internal excitation of"KN,, so we have

not treated the Nas a free rotor. Note that if the degenerate
bending modes are treated as free rotk@& O + No)
increases to 2.& 1071 (T/200 K)~232 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-ignolecule
chemistry of potassium in the MLT are listed in Table 7. The
charge-transfer reactions that produce (feactions 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 N@nd Q" 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,NThe RRKM calculations in

above 0.5 Torr (Figure 3b). However, this is more than 3 orders section 3 were made with He as the third body, for comparison

of magnitude higher than the pressure in the MLT, where

association

Table 6 compares the ligand-switching rate coefficients
predicted by RRKM theory at 200 K and a pressure of310
Torr, with the Langevin capture rate constants. For half of the
ligand combinations, the rate coefficients in the exothermic

should therefore be negligible.

with laboratory measurements. To take account of the higher
relative efficiency of N (and Q) as a third body in the
atmosphere, the rate coefficients of reactions-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
N, and He30
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100
become quite longX1 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, andh&s been
assigned to mass 39:2° Although this mass could also be

: - - - - NaO", we have shown previousRithat this ion should have a
10 104 10% 107 100 100100 102 concentration well below 0.1 c. The small number of K

Concentration / cm™ measurements that have been published show a broad peak in

Figure 4. Predicted vertical profiles of K, K and the K cluster ions the ion profile between about 95 and 100 km, with peak
at 40 N in January: (a) midday; (b) midnight. The gray line indicates concentrations of 20100 cnt3, and some evidence of 'K
nighttime lidar measurements of K from ref 2. below 90 km in daytimé®!® 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 34\ in January? This profile compares
very well with the model prediction.

Figure 5 illustrates the predicted lifetime oftKagainst
neutralization to K, as a function of height for midday and
midnight. This plot demonstrates that the Kfetime varies by
more than 2 orders of magnitude, from ab@uh at 85 km to
nearly 1 month at 110 km. Comparison with our study orf ¥a
shows that the lifetime of Kis about 200 times longer around
90 km. This is because of the rapid thermal dissociation of
molecular ions such as™N,, which competes with ligand-
switching or dissociative recombination with electrons. In
contrast, the Namolecular ions are more stable (by about 12
kJ mol? in the case of N&N,).

The K lifetime is therefore a complex function of {g [O],
and temperature (because of the strdrdependences &4,

k-s, andk_g). Above 95 km, the midday lifetime is roughly
10-20 times shorter than at midnight, becausd fe 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-(f; +

0O) then competes with reaction 10 {KN, + COy), 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

100 km, K" exhibits a large diurnal variation, becoming severely lemperature pFOf"e (Figure 5). _This _be_havior is explained by
| the decrease in the thermal dissociation rates of the weakly

depleted at night. However, it is important to note that this mode

provides a steady-state solution of the potassium chemistry; thatbound K’ clusters at the lower temperatures.
is, the chemistry readjusts instantaneously as the densities of6 Conclusions
species such as atomic O, major ions, and electrons and™

temperature vary over a diurnal cycle. The midday and midnight  High-level ab initio calculations have provided the input for
profiles in Figure 4 are therefore limiting cases: as we will RRKM calculations to estimate the rate coefficients for a series
show below, the time constants in the potassium chemistry of association and ligand-switching reactions that should govern

Altitude / km

95 -

90

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 + Oz and KO, + O could undergo exothermic chemical
reactions to form K + Os. Similarly, the reaction K-O + O
could produce @a'Ay and B, if spin is conserved).
However, the concentrations of"'KO and K"-O, 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-X + e~ — K +
X. None of these dissociative recombination reactions appears
to have been studied, 3@y is set to a value and temperature
dependence typical for this type of reactitn.

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, updated with the diurnally resolved
temperature profile measured by a Na li#As an example,
we show results for midlatitudes (4®5° N) in January. Figure
4 illustrates the predicted profiles of K,"Kand the molecular
K* ions at midday and midnight. K K™-CO,, and K"-H,0O
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 Q" (reactions 2 and 3), and photoionization. Below
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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 N, O,, 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 €O
or H,O and then undergo dissociative recombination with
electrons. The result is that™Kshould have a much longer
lifetime than these other metallic ions in the upper atmosphere.
Note that the failure of the simple formaligffor predicting
ligand-switching rate constants will have some implications for
our previous study of sodium ion chemistry in the mesosphere;

Plane et al.

(12) von Zahn, U.; Hoffner, J.; McNeil, W. J. Meteor trails as observed
by lidar. InMeteors in the earth’s atmosphenfdurad, E., Williams, I. P.,
Eds.; Cambridge University Press: Cambridge, U.K., 2002; p 149.

(13) von Zahn, U.; Gerding, M.; Hoffner, J.; McNeil, W. J.; Murad, E.
Meteor. Planet. Sci1999 34, 1017.

(14) Hoffner, J.; von Zahn, U.; McNeil, W. J.; Murad, E. Geophys.
Res., Space Phy$999 104, 2633.

(15) Gerding, M.; Alpers, M.; Hoffner, J.; von Zahn, U. Geophys.
Res., Space Phy$999 104, 24689.

(16) Kopp, E.; Eberhardt, P.; Herrmann, U.; Bjorn, L. I5.Geophys.
Res., Atmos1985 90, 3041.

(17) Kopp, E.J. Geophys. Red.997, 102, 9667.

(18) Zbinden, P. A.; Hidalgo, M. A.; Eberhardt, P.; GeissPhnet.
Space Scil975 23, 1621.

(19) Aikin, A. C.; Goldberg, R. AJ. Geophys. Re4.973 78, 734.

however, the effects are not expected to be very large because (20) Balsiger, F.: Kopp, E.; Friedrich, M.; Torkar, K. M.; Walchli, U.;

the important switching reactions betweenaxd O were treated
by full RRKM theory.

Finally, we consider the impact of this chemistry on a K
layer forming from the K ions in a descending sporadic E layer.
With extrapolation from our work on Nand Fg layers, a K
layer will be triggered by a sharp decrease df lketime with
decreasing altitude. Interestingly; Hifetimes should be much
more variable compared to Naand Fe lifetimes. This is
because the Nalifetime above 90 km is largely governed only
by [O],3%32and the Fe lifetime by both [O] and [€],%° but the
K™ lifetime is governed by both these parametand the local
temperature. Thus asdayer might not appear together with a
Nas and Fe layer unless a sporadic E layer descended into a
cold region, for instance produced by an atmospheric gravity
wavel 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 méfaland
electron density measurements with an incoherent scatteffadar
would provide a detailed test of the predictions of this-ton
molecule scheme. Finally, laboratory studies are required of the
association reactions of 'K as well as of the reactions of the
resulting K" cluster ions-thermal dissociation, ligand-switching,
and recombination with electrons.
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