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We present the first direct measurement of the absolute rate constant for the third-order 
reaction K +OH +He + KOH +He. A complex experimental system is described in which 
a heat-pipe oven, from which atomic potassium is generated, is coupled to a high-temperature 
reactor for time-resolved resonance-fluorescence measurements on OH following pulsed 
irradiation. The apparatus is a slow-flow system kinetically equivalent to a static system. 
Atomic potassium is monitored in the steady mode using resonance fluorescence of the 
Rydberg transition at A = 404 nm K [(5 2PJ)-(4 2S,/2)] coupled with phase-sensitive detection. 
Ground-state OH(X 2KI), generated by the repetitively pulsed irradiation of water vapour, is 
monitored in the time-resolved mode at A = 307 nm [OH(A 2Zc-X 'II), (0, O)] using molecular 
resonance-fluorescence measurements following optical excitation with pre-trigger photo- 
multiplier gating, photon counting and signal averaging. Thus the decay of OH(X 211) as a 
function of time is studied both as a function of [K(4 2S1/2)] and [He], yielding the absolute 
rate constant k3(K + OH +He) = (8.8 f 1.8) x cm6 molecule-2 s-' ( T = 530 K). A full 
account is given of the isolation of this reaction by the use of a 'chemical window' through 
the control of temperature and the effective elimination of the reaction between K2+OH, 
and the use of He as the third body which demonstrates negligible collisional quenching 
efficiency with OH(A 2E+, u' = 0). We also present a detailed extrapolation of the rate data 
to the environment of flames using unimolecular-reaction-rate theory developed by Troe and 
coworkers for dissociation reactions. The agreement between the present results for the 
isolated reaction extrapolated to flame temperatures and measurements on flames ( 1800 < 
T/K<2200), in which k3(K+OH +M) (where M stands for the burnt gases of a fuel-rich 
flame) has been extracted by modelling the complex coupled equilibria, is considered highly 
satisfactory. Quantitative account of the modelling of the dissociation of KOH is presented 
in the paper. 

The kinetic study of termolecular reactions of alkali-metal atoms is a subject of 
renewed experimental interest for both fundamental and applied reasons. It has 
long been recognised, for example,' that many rate data in the literature on reactions 
of the type 

particularly those derived from flame' meas~rements?~~ are not in accord with 
general fundamental considerations of reactions of this type of atomicity by approxi- 
mately three orders of magnitude.' We have subsequently investigated these proces- 
ses directly for Na and K (M = He, N2 and C 0 2 )  by time-resolved atomic resonance 

t Permanent address: Department of Modem Chemistry, University of Science and Technology of 

Na, K+O,+M-* Na,K02+M (1) 

China, Hefei, Anhui, The People's Republic of China. 
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1466 KINETIC STUDY OF K + O H  + H e +  KOH 

absorption spectroscopy following pulsed irradiation of NaI and KI at elevated 
 temperature^.^'^ The rates of the similar reactions 

L i ,Cs+O2+M+ Li ,Cs02+M (2) 
have been studied by time-resolved multiphoton ionisation spectroscopy of atomic 
lithium and caesium following pulsed irradiation by Kramer et al."' These recent 
studies4-' have now yielded absolute third-order rate constants for the reactions 
that are ca. lo3 times greater than originally considered.' It has subsequently been 
demonstrated that the previous decay measurements on alkali-metal atoms in oxy- 
gen-rich flames''2 in fact reflected the variation of chemical equilibria between the 
alkali-metal atoms, H and OH rather than fundamental rate processes for the 
alkali-metal Furthermore, absolute rate data for this group of reactions, 
particularly for Na and K, are used directly in modelling of the alkali-metal atoms 
in the 90 km region. The recent rate measurements4 on the reactions Na + 0, + 
M + Na0,  + M have considerably improved the agreement between modelling 
calculations on various forms of sodium in the mesosphere, especially the quantity 
of sodium bound as NaO, and the profile of the cut-off of atomic sodium on the 
lower side of the 90 km band nearer the 

The accompanying class of termolecular reactions of alkali-metal atoms in flames 
which principally control the establishment of the above equilibria includes the 
processes exemplified by the reaction 

K+OH+M-*KOH+M ( 3 )  

which is the object of the present investigation for M=He .  The recombination 
processes indicated in eqn (3)  are routinely employed in equilibrium terms in the 
flame chemistry of alkali-metal and hence the literature in that context is 
large. In recent years the absolute rate constant for process (3)  under flame 
conditions16 and the rate constant for the analogous reaction for Na" have been 
determined by Jensen et al. from modelling the critical reactions in a flame, namely 

KOH+H G= K+H,O (4) 

K + O H + M  e KOH+M. ( 5 )  

This has yielded log,,( k,/cm6 s-') = -(26.8 * 0.4) -log,, T (in the nota- 
tion of the paper by Jensen et a l l 6 )  for the burnt gases of a fuel-rich flame 
( N2 + H,O + H2) in the range 1800 < T /  K < 2200. l 6  The papers of Jensen et al. l 6 ? l 7  

may be employed as a modern summary of this general area. 
In this paper we describe the first direct measurement of the rate of reaction (3)  

in which all three reactants are monitored. In contrast to all previous studies of 
this type of reaction, the third-order process is isolated in real time and the absolute 
third-order rate constant for M = He at T = 530 K is reported. Ground-state 
OH(X 'II), generated by the pulsed irradiation of water vapour, is monitored by 
time-resolved resonance fluorescence of OH( A ,C+-X *It) following optical excita- 
tion, and atomic potassium in a flow system and derived from a heat-pipe oven is 
monitored in the steady mode using resonance fluorescence of K(5 ,PJ-4 2S1/2) 
coupled with phase-sensitive detection. The apparatus is necessarily complex on 
account of the requirement to monitor two effectively transient species, OH( X ,It) 
and K(4'S1/,), at elevated temperatures. This type of study may be regarded as 
analogous to recent investigations of reactions between atoms titrated in a flow- 
discharge system, such as 0, N and H, and a transient molecule such as OH generated 
by pulsed irradiation, an area reviewed in detail recently by Howard and Smith." 
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Fig. 1. Block diagram of the apparatus for the kinetic study of the reaction K+OH + 
M -+ KOH + M at elevated temperatures employing ( a )  time-resolved molecular resonance- 
fluorescence measurements on O H ( X  'n) at A = 307 nm [(0, 0), OH[A 2E-X 'II)] following 
the pulsed irradiation of H 2 0  vapour and ( b )  steady resonance fluorescence coupled with 
phase-sensitive detection on atomic potassium at A = 404 nm [K(5 2PJ)-K(4 2S1,2)] derived 

from a heat-pipe oven using a flow system kinetically equivalent to a static system. 

Quantitative arguments determining the use of a 'chemical window', ( a )  by the 
control of temperature in order to minimise the effect of any reaction between 
K2 +OH and (6) by the use of helium as the third body to minimise fluorescence 
quenching of OH( A 21;+),19 are presented. The absolute rate constant for reaction 
(3)  with M = He, determined for T = 530 K, is extrapolated to flame temperatures 
and compositions using unimolecular reaction-rate theory for the reverse process 
of dissociation following Troe2072' in order to compare the results of the present 
investigation with the data of Jensen.16 The resulting agreement is considered to 
be highly satisfactory. 

EXPERIMENTAL 

The block diagram of the apparatus constructed for this study is shown in fig. 1 and is 
novel. In broad terms atomic potassium, in equilibrium with its liquid at elevated tem- 
peratures, is generated in a heat-pipe oven" where the relationship between steady atomic 
resonance fluorescence of K(5 'PJ-4 2S,,2) and [K(4 2S,,2)] is determined for the purpose of 
empirical calibration. A flow of potassium vapour of known absolute atomic concentration 
and in the presence of an excess of helium is then subsequently fed to the high-temperature 
stainless-steel reactor (fig. 1)  into which simultaneously flows water vapour in the presence 
of an excess of helium. O H ( X  'II) is generated by the pulsed irradiation of the water vapour 
from a nitrogen-discharge flash lamp23 (fig. 1) and monitored at elevated temperatures by 
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1468 KINETIC STUDY OF K +OH + He + KOH 

time-resolved molecular resonance fluorescence of OH(A 2Z+-X 211) [A = 307 nm, (0, 0), 
f =  8 x ’“1 using the photon-counting and signal-averaging procedure described pre- 
v i o ~ s l y . ~ ~ * ~ ~  The decay of OH(X 211) can be described by its removal according to overall 
third-order rate process (3), together with loss by diffusion, namely 

-d[OH]/dt = kdiff[OH] + k,[K][He][OH]. 

There is an extensive range of kinetic evidence [ref. (23) and references therein] to indicate 
that such photochemically generated concentrations of OH(X ’II) are in the region of 10” 
atom ~ m - ~ .  Concentrations of atomic potassium employed in these measurements are > 5  x 
1013 atom cm-3 and hence are always in an excess. The overall first-order coefficient for the 
decay of OH is then given by 

and is the object of the present experimental measurements. kdiff can readily be determined 
empirically by measurement of the first-order decay of OH in the absence of atomic 
potassium,23 and the values we have measured previously23 for kd,,(OH-He) are used in 
the analysis here. This, combined with the determination of k’ for OH(X 211) at different 
values of [K(4 2Sl/2)] and [He], calculated from the flow calibrations, yields k3 for the reaction 
between K, OH and He. 

Fig. 2( a )  and ( 6 )  give a more detailed presentation of the combination of the heat-pipe 
oven and the high-temperature stainless-steel reactor, and the physical design and coupling 
to the high-temperature reactor of the N2 flash discharge lamp used for repetitive pulsing 
and operating at room temperature. Similarly, the coupling of the photoelectric detection 
system, also operating at room temperature, to the high-temperature reactor shown in fig. 2. 
Apart from the major matter of the inclusion and operation of the heat-pipe oven [fig. 2(u)], 
minor modifications to other components in fig. 2(u) and (b) were necessary, primarily 
concerning the entry of gas flows and baffle systems in the reactor to ensure mixing of the 
reactants H 2 0  + K +He and to prevent condensation of potassium at appropriate windows. 
The heat-pipe oven, with cooled side-arms and quartz optical windows attached by means 
of O-rings [fig. 2( a )] for steady resonance-fluorescence measurements on atomic potassium 
at A = 404 nm [K(5 2P,)-K(4 2S1,2)], was ca. 20 cm in length and of 15 mm internal diameter, 
and constructed of stainless steel. The operating section of the heat pipe22 comprised a 
doubly rolled stainless-steel wick of 120 mesh, 43 gauge, ca. 15 cm in length [fig. 2(a)] with 
small orthogonally placed apertures for the atomic resonance-fluorescence measurements in 
the side-arms which also contained wicks. Potassium metal, taken from storage in toluene, 
was cut into small granules, cleaned in ether in an ultrasonic bath and then quickly inserted 
into this heat-pipe oven. Solely for the purpose of the purification of the metal this was then 
run in the heat-pipe-oven mode (see Vidal and Cooper2*) at 300 “C (573 K) and at a steady 
pressure of helium of ca. 6 Torr (1 Torr = 133 N m-I). Such a high pressure of helium does 
not, of course, result in a separation of the gas into a pure metal and pure He phase, which 
would have required pressures of He of only cu. 300 mTorr. This operation of the heat pipe 
for several hours enables the metal to be thoroughly refluxed and purified. All volatile 
impurities distilled off into the cooled sections of the heat pipe and were regularly pumped 
off. During this mode of operation the cooling at T3 [fig. 2(u)] is switched on to keep the 
metal vapour phase within the pipe. The progress of the distillation can be monitored using 
the resonance-fluorescence cell [fig. 2( a)] with chopping of radiation and phase-sensitive 
detection (E.G.&G. Brookdeal, model 9503-SC) of the steady fluorescence. This was excited 
by means of a potassium discharge lamp (Phillips Lamp type K 93 1903) incident through 
two quartz lenses to focus the light onto the cell, with optical separation by means of a 
collimator and isolation using an interference filter (Barr and Stroud, type MD 26, band 
width 18 nm). It was found more convenient to monitor the atomic potassium concentration 
using the unresolved Rydberg transition at A = 404 nm ( 5  2P,-4 2Sl,2) rather than the unre- 
solved D lines at longer wavelength [(A = 768 nm, K(4 2P,-4 2S,,2)]26 in order to avoid 
extraneous emission. Photoelectric monitoring of the atomic resonance-fluorescence signal 
employed an S20 EM1 tube (p.m. type 9797B) operating at 750V. The observed signal is, 
of course, the complex combination of atomic resonance fluorescence, radiation trapping 

k’ = kdiff + k3[K][He] (7) 
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1470 KINETIC STUDY OF K +OH +He + KOH 

and absorption of incident and scattered radiation in the side-arms with varying atomic 
potassium concentration. An empirical calibration curve relating the signal intensity and 
[K(4 2S1/2)] was constructed to ensure steady vapour densities during experiments when there 
was a variable flow through the heat pipe. The concentration of atomic potassium was taken 
to be the equilibrium vapour pressure above the solid-liquid potassium in the centre of the 
heat pipe. Since the vapour pressure of K(4 'Sl/J varies particularly rapidly in the temperature 
range of interest (ca. 10-6-10-3 atm over the range 427-604 K),27 accurate calibration of the 
interior temperature of the heat pipe is necessary. This was achieved by constructing a sliding 
thermocouple which can be inserted into the reactor through the resonance-lamp coupling 
and travels the length of the vessel to the end of the heat pipe. The thermocouples T,-T4 
[fig. 2( a) ] ,  which are attached to the outside of the vessel, were accurately calibrated to the 
temperature inside the vessel. These calibrations were carried out under the normal conditions 
of an experiment, i.e. with the water cooling at T3 switched off and at a total pressure of He 
of ca. 50 Torr. 

When setting up a flow of atomic potassium with He from the heat pipe it was first 
demonstrated that the measured signal from the K vapour in the heat pipe was unchanged 
when the cooling at T3 was switched off, and a flow of He through the heat pipe was varied 
from 1 to 50 sccm, indicating that the vapour pressure remained at the equilibrium level. The 
steady-state atomic resonance-fluorescence apparatus (fig. 1) was now transferred to the 
reactor, with the K spectral lamp incident through the aperture normally used for optical 
coupling with the OH(A-X) resonance source. The resulting atomic potassium resonance- 
fluorescence signal could then be used to establish that when the reactor temperature is no 
lower than 20 K of that of the heat pipe, the metal vapour is not significantly removed by 
adsorption. Furthermore, when the ratio of the flows f l ,  f 2  and f 3  is changed (fig. 1) the 
signal varies qualitatively as expected. To perform this part of the experiment the flows 
through the inlet pipes on the side arms of the reactor were used [fig. 2(a)]. These are 
designed according to the system of Fontijn et a1.28 to prevent metal being deposited on the 
cooled windows ; approximate calculations of metal diffusion rates at these temperatures and 
pressures indicated that flows in the side arms of 10-50sccm of He should prevent this. It 
was observed during these initial calibration measurements that a reaction appeared to occur 
between the K vapour and the lamp-black surface of the inside of the reaction vessel, applied 
to minimise the effect of scattered light,23 although this reaction quickly ceased, presumably 
with the formation of intercalation compounds in the carbon, thereafter rendering the surface 
reasonably inert to K ~ a p o u r . ~ ~  Thus, following the optical calibrations of atomic potassium 
both in the heat-pipe oven and in the stainless-steel reactor, together with standard flow 
calibrations as indicated in previous  measurement^^^ but which now also include a K +He 
flow, the flow system was employed as such in the standard manner. 

The present time-resolved measurements on OH( A-X) resonance fluorescence employed 
higher flash energies (5Q J) than were used p r e v i ~ u s l y , ~ ~  and three flows instead of two. Flow 
f 2  (fig. 1 )  was pure He which entered the reactor under the p.m. housing and kept the quartz 
window beneath the interference filter free of metal. Flow fl  of H 2 0  + He entered the reactor 
through the two side arms to keep their respective optics free of metal. Flow carried the 
metal vapour +He  into the reactor where it mixed with the other flows to give a vapour 
pressure of the metal =f3/cfl + f 2  +f3) xthe pressure of K in the heat pipe. The vapour 
pressure of water in the reactor that was employed ranged from 100 to 500 mTorr. 

The final consideration of the flow system concerns the reaction between atomic potassium 
and water vapour. According to Jensen et the reaction between K(g) and H20(g) is 
characterised by a rate constant of the form logl,,(k/cm3 molecule-' s-') = 
-(9.3 f 0.5) - 8700T-', implying that the rate of this reaction is negligible at the temperature 
of this system. The reaction between water vapour and liquid potassium on the wick in the 
heat-pipe oven was avoided by the use of flow f 3  (fig. I), essentially restricting the water 
vapour to the volume region of the reactor. 

RESULTS AND DISCUSSION 

Fig. 3 shows typical examples of raw data indicating the decay of time-resolved 
molecular resonance fluorescence due to OH[A 'E+-X 'II, (0, 0), A = 307 nm] fol- 
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D. HUSAIN, J. M. C. PLANE AND C. C. XIANG 1471 

lowing the pulsed generation of OH(X 211) in the presence of atomic potassium 
and the helium third body. The data are in digitised form resulting from the 
summation of photon counts at h = 307 nm due to optical excitation of OH for a 
large number of individual experiments. We have demonstrated that 
the resonance fluorescence due to OH(A-X) is given by 

+[OH(X 2 r I ) t z o  exp (- k ' t )  
1 + C kJQl/Anm 

I&) = 

where the symbols have their usual significance2372' and the term XkQ[Q] represents 
an average contribution to the collisional quenching of OH(A 2Z+, o' = 0) in the 
various rotational states. Some further consideration of this fluorescence-quenching 
term is necessary here because of its particular effect on the 'chemical window' (see 
introduction) and, in this context, on limitations on the choice of third body in 
reaction (3) to helium for the present type of investigation. The essential indepen- 
dence of fluorescence quenching of OH( A 'X+) by H 2 0  with temperature'9930 coupled 
with the use of A,,[OH(A 2C+-X 'n), (0, O)] = ca. 1.4 x lo6 indicates typical 
values of kQ[Q]/A,, =. 3 for the present experiments. Thus apart from limitations 
arising from light collection in the photoelectric detection optics, only 25% of the 
optically excited OH( A 2C+) fluoresces, excluding any fluorescence quenching of 
OH( A 2X+) by atomic potassium. Fortunately, fluorescence quenching of 
OH(A2X+) by He is negligible.31 Unfortunately, that for N2, for example, is not 
{k[OH(A 2Zt-) +N2) = 2.2 t::: x lo-" cm3 molecule-' s-l, T = 300 K}.31 Thus, for 
conditions of the type indicated in fig. 3 with N2 replacing He as the third body, a 
typical value of CkQ[Q]/Anm would be ca. 8 for even a low concentration of 
N2 = 2 x lo t7  molecule ~ m - ~ .  Thus no OH(A-X) resonance-fluorescence signals 
could be detected with N2 as the third body, as expected. 

The full curves in fig. 3 represent computerised curve-fitting of the digitised data 
to the now standard form: 

IF( t )=61+e2exp(-k ' t )  (ii) 

using the LAMFIT procedure of as previously where 
describes the steady scattered light component and the second term in eqn (ii), the 
right-hand side of eqn (i). The general magnitude of O t  is indicated visually by the 
'long-time' values of IF (fig. 3) and its actual magnitude is computed for each decay 
trace. Pseudo-first-order plots constructed from the data of fig. 3 using these values 
of O 1  (In [IF(t) - 6,]  against t }  are shown in fig. 4 for the purpose of visual display 
of first-order kinetics due to OH(X 211). Plots of the type given in fig. 4 demonstrate 
the scatter automatically generated with the direct use of a logarithmic variation. 
All values of k' presented here were, in fact, derived from direct curve fitting as 
indicated in fig. 3. 

Fig. 5 shows the variation of k' for the decay of OH(X 'rI) with the concentration 
of atomic potassium, indicating the first-order kinetics of the latter. These are 
presented for different concentrations of atomic helium. Fig. 6 shows the diffusion- 
corrected second-order decay coefficients for the removal of OH(X 211) in the 
presence of effectively constant atomic potassium concentrations with varying con- 
centrations of atomic helium, indicating the first-order kinetic behaviour of the 
latter. All the rate data from the present investigation are combined by rearranging 
eqn (7) in the form 
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Fig. 3. Digitised time-variation of the light intensity at A = 307 nm indicating the decay of 
time-resolved molecular resonance fluorescence due to OH [I,/counts per channel, (0, 0 ) ,  
OH(A 2Z+-X 'II)] following the pulsed irradiation of H 2 0  vapour in the presence of atomic 
potassium derived from a heat-pipe oven and monitored in the steady mode using atomic 
resonance fluorescence at A = 404 nm [K(5 2PJ)-K(4 2S1,2)] coupled with phase-sensitive 
detection. T = 530 K, E = 50 J, repetition rate = 1 Hz, no. of individual experiments = 256, 
(-) computerised fit to the form IF = + 0, exp ( - k ' t ) .  
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and are presented graphically in this form in fig. 7. The slope of this plot yields 

k3( K +OH +He) = 8.8 f 1.8 x cm6 s-l ( T = 530 K). 

The quoted error includes both the 2 0  error arising from fig. 7 and the uncertainty 
in the vapour pressure of potassium (ca. 15%) resulting from the uncertainty in the 
temperature measurement ( * 5  "C) in the heat-pipe oven. This result for k3 constitutes 
the first direct measurement not only of this particular reaction for any third body 
M, but for any reaction of the type X +OH + M + XOH + M for a metal X. Before 
proceeding with the discussion of this result and, in particular, the extrapolation to 
high temperatures using unimolecular-reaction-rate theory,20,21 the final aspect of 
the 'chemical window' restricting measurement of k3 to temperatures of the magm- 
tude employed here is considered. In approximate terms k3 is expected to vary 
roughly with the form T-'.'' The extrapolation procedure (see later) will be 
concerned with relatively small departures from this type of temperature dependence 
which will have a major effect on rates predicted from flame temperatures. However, 
for the present experimental considerations with this system use of this simple 
temperature dependence is adequate. First, the lowest temperature conveniently 
employed is determined by the use of [K(4 2S1,2)], which will be sensibly in excess 
of [OH(X 'n)] generated on photolysis. Secondly, one factor governing the upper 
temperature limit that can be employed is the apparatus itself, where the use of a 
copper gasket [fig. 2(a)] restricts temperatures to T <  ca. 700 K. More important 
are kinetic considerations. A temperature dependence of the form T-I will barely 
be detected via the measured rate constant k3 across a temperature range of ca. 
530-700 K. The principal consideration, however, concerns the role of the highly 
exothermic reaction 

K2 + OH -+ KOH + K, AH = -3.19 eV (9) 
{ DE[ K2(  X 'Xi)] = 0.5 14 eV, DE( K-OH) = 3.7 1 eV}27*33 which we may estimate as 
proceeding at a rate close to the collision number, say, lo-'' cm3 molecule-' s-*. 
For the present experiments we may calculate the equilibrium constant for the 
reaction 

% 
2K e K2 (10) 

as Keq( T = 530 K) = 1.46 X cm-3 molecule.'' This implies that for the maximum 
concentration of K(4 2S1,2) employed here of ca. 6 x lOI4 atom cm-3 the maximum 
contribution to the first-order decay coefficient for the removal of OH(X 'II) by 
rate process (9) will be ca. 50s-I and is generally negligible when compared with 
the natural scatter in the measurements. Thus the present experimental conditions 
isolate reaction (3). However, whilst raising the temperature displaces the above 
equilibrium from right to left, the absolute value of [K,] nevertheless increases, as 
seen from the vapour-pressure data,27 and so will the magnitude of h[K2]. This 
first-order coefficient will not only be large but will increase the overall observed 
decay rate for OH( X 'It) as a function of increasing temperature much more rapidly 
than the decrease in k3, which would not be detected nor, indeed, measured by 
difference. 

EXTRAPOLATION OF k3(K+OH +He) TO HIGH TEMPERATURES AND COMPARISON 

The absolute determination of k3 described here by direct measurements on 
OH(X 'II), K(4 2 S , , 2 )  and He is of fundamental interest and may be considered in 

WITH MEASUREMENTS DERIVED FROM FLAMES 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
84

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
in

ds
or

 o
n 

28
/1

0/
20

14
 1

5:
15

:2
1.

 
View Article Online

http://dx.doi.org/10.1039/f29848001465


1474 KINETIC STUDY OF K +OH + He + KOH 

5.0 

4 . O  

3 .  s 

3.0 

1. a 
4 6 8 

3 . 0  

3 * O  

1 2 3 4 

4 . 5  

4 . O  

3 . 5  

3.0 

2 3 4 
t /ms  

1 

Fig. 4. Pseudo-first-order plots [In( IF - 0,) against t] of the fluorescence intensity at A = 
307 nm indicating the decay of time-resolved molecular resonance fluorescence due to OH 
[ (0 ,  0), OH(A 'Z+-X 'n)] following the pulsed irradiation of H 2 0  vapour in the presence 
of atomic potassium derived from a heat-pipe oven and monitored in the steady mode using 
atomic resonance fluorescence at A = 404 nm [K(5 2PJ)-K(4 2S,12)] coupled with phase- 
sensitive detection. T = 530 K, E = 50 J, repetition rate = 1 Hz, no. of individual 
experiments = 256. 
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Fig.5. Variation of the pseudo-first-order rate coefficient, k', for the decay of OH obtained 
by time-resolved molecular resonance-fluorescence measurements on OH(X 'rI) [A = 307 nm, 
(0, 0), OH(A 'X-X 'n)] following the pulsed irradiation of H 2 0  vapour in the presence of 
different concentrations of atomic potassium, monitored in the steady mode using atomic 
fluorescence of the resonance transition at A = 404 nm [K(5 'PJ)-K(4 2SI/z)] coupled with 
phase-sensitive detection ( T =  530 K). [He]/10i7 atom ~ m - ~ :  ( a )  5.85, ( b )  8.71, ( c )  10.0 and 

3 5 7 9 11 13 
[He]/ 10" atom cm-3 

Fig. 6. Variation of the pseudo-second-order rate coefficient, k; (= k'/[K(4 2Sl/2)]), for the 
decay of OH as a function of the atomic helium concentration obtained by time-resolved 
molecular resonance-fluorescence measurements on OH(X 2n) [A = 307 nm, (0, 0), 
OH(A 'C+-X 'II)] following the pulsed irradiation of H,O vapour, with monitoring of atomic 
potassium by steady resonance fluorescence at h = 404 nm [K(5 2PJ)-K(4 2SI/2)] coupled with 

phase-sensitive detection ( T  = 530 K). 
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0 2 L 6 8 
[K]/ l O I 4  atom ~ r n - ~  

Fig. 7. Variation of the diffusion-corrected pseudo-second-order rate coefficient, (k '  - 
k,,,)/[He], for the decay of OH as a function of the atomic potassium concentration, obtained 
by time-resolved molecular resonance-fluorescence measurements on OH(X 'n) [A = 307 nm, 
(0 ,  O), OH(A 2C+-X 'II)] following the pulsed irradiation of H 2 0  vapour, with monitoring 
of atomic potassium by steady reasonance fluorescence at A = 404 nm [K(5 ' P J )  - K(4 2SI,z)] 

coupled with phase-sensitive detection (T = 530 K ) .  

the broader context of atom-molecule recombination reactions'* and in its applica- 
tion to modelling of flames. For experimental reasons that have been given, the 
present type of measurement is restricted to a single-temperature investigation and 
to a third body causing no significant fluorescence quenching of OH(A 2Et, v' = 0), 
namely, He. Thus, comparison with data derived from flamesI7 requires an extrapo- 
lation of k, over a wide range of temperature that is more detailed than that of the 
simplified approach using a T-I dependence necessarily employed for a large body 
of recombination-rate data considered by Jensen and Jones.'' Further, the extrapola- 
tion must include the effects of different intermolecular interactions for various third 
bodies in process (3), in the present case for He and the bulk materials in the burnt 
gases of a fuel-rich flame, namely, H, +N, +H2O.I5 In turn, this affects the tem- 
perature dependence of k3, an important aspect in view of the wide temperature 
range over which the extrapolation is carried out. The extrapolation is performed 
not only to make a quantitative comparison of the present measurements on k3 with 
those from flames, but also as a quantitative test of the modelling procedure used 
to extract fundamental rate data from the set of equilibrium processes that have to 
be included in the analysis of the complex medium of a flame. 

We employ the procedure of Troe20321 using simplified equations based on 
R.R.K.M. theory,20*21 yielding the quantitative estimation of the second-order rate 
constant for the reserve unimolecular decomposition in the low-pressure limit and 
hence used to calculate the rate constant for the third-order association reaction 
via the equilibrium constant, an overall approach recommended recently by the 
NASA review panel for third-order rate constants.34 Thus, following Tree,,' the 
rate constant of a thermal unimolecular reaction in the limiting low-pressure range 
( k o )  is expressed as a product of a strong-collision rate constant k r  and a weak- 
collision efficiency, pc, for the energy transfer: 

ko = P,kr .  
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Following solution of the R.R.K.M. master equation, a simple expression for the 
collisional efficiency, Pc, is derived in terms of the average energy transferred per 
collision (see below). The strong-collision rate constant may be expressed in the 
standard form2' 

where 2, is the Lennard-Jones reference collision frequency and p(  E,) is the density 
of states at the critical energy E,; FE, FanhFrot and Frot,int are the correction terms 
for the energy dependence of the density of states arising from the energy E, 
anharmonicity, rotation and internal rotation, respectively. F,,,, is a correction 
factor to account for coupling between different degrees of freedom and is usually 
taken as unity. Qvib is the vibrational partition function. Z,, is calculated in the 
standard manner21 in terms of the appropriate collision integrals35 and the Lennard- 
Jones parameters are estimated by means of the usual combining rules.35 Particular 
consideration in the present calculation must be given to the total number of 
oscillators, s, and the differences in the number of oscillators in the reactant and 
product molecules, m20,2' (see later). 

The barrier to association for the reaction K +OH + M is likely to be a small 
centrifugal which is neglected here so that the critical energy Eo may be 
identified with AH& the enthalpy change for the reaction at 0 K. The association 
rate constant, k::,,, may be obtained from k r  uia the equilibrium constant, Keq: 

k ~ ~ c , o  = K,, k?. (4 
ks:c,o represents an upper limit for the rate constant and must be multiplied by the 
collision deactivation efficiency Pc (0 < PC < 1) to obtain a value than can be com- 
pared with experiment. The temperature dependence of Pc is given by 

where (AE) is the average energy transferred per collision; comparison with experi- 
mental data at one temperature enables (AE) to be calculated. ( A E )  is usually 
assumed to be independent of temperature, or, in the case of helium as a third 
body, proportional to T1'2.37,38 k; and Pc may then be calculated at a different 
temperature, ko estimated together with Keq, and thus an estimate of krec,, can be 
made. 

The rate data for reactions of the type (3) reported by Jensen et a1.16 were derived 
from measurements on the depletion of atomic potassium in the burnt gases of a 
fuel-rich flame ( H2 + N2 + H20) assuming KOH is the only compound of potassium 
produced to any significant extent and employing the pair of equilibria (4) and ( 5 ) .  
This yielded16 log,,( k3/cm6 molecule-* s-') = -(26.8 f 0.4) -log,, T. This gives a 
central value of k3 = 7.7 x s-' at a temperature of 2055 K at 
which most of the flame measurements were carried out, with a wide range in the 
upper and lower bounds (3.1 to 19.4) x s-'. In order to compare 
the present result for k3 (M = He) with the flame data, we follow the further procedure 
of Troe et aL,37739 who have shown that since all terms in eqn (6) other than Z L j  

are independent of the third body, M, the collision efficiency, pM of any third-body, 
M, relative to that of He, say, can be written as 

-- PM k M Z L J ( M )  

cm6 

cm6 

(4 - 
P H e  kHeZLJ(He)' 
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Furthermore, there is a variety of evidence37 to indicate that these efficiencies at a 
given temperature are approximately independent of the nature of the reaction. 
Thus, we may employ the results of rate data derived from high temperature 
measurements on unimolecular dissociation reactions in shock yielding 
PN2/PHe = ca. 0.5 at 2000 K. Since water does not appear to have been studied 
explicitly as a third body at high temperature, an approximate value for PH20/PHe = 
3.3-4.2 is obtained by noting that far the reactions H +02 + M and OH + NO + M, 
where M = H 2 0 ,  at room t e m p e r a t ~ r e ~ ~  PHZO/PN2 = ca. 6.5 and by assuming that 
this ratio does not change by >30% over the range in temperature to 2000 K. [See 
ref (37), which lists the relative efficiencies over such a temperature range of other 
efficient quenching gases such as CO, and SF6.] 

The after-burning region of the flames studied by Jensen et af.I6 consisted of 
25% H 2 0  and 75% (H2 or N2). The assumption of equivalent collision efficiencies 
for H2 and NZ, and using data from table 1 (see later) to evaluate the relevant 
collision frequencies between the third bodies and the initially formed KOH, indicates 
that kflame/kHe = 1.2-1.7. Thus we may modify Jensen's datai6 for M = He to yield 
k3( K +OH +He, 2055 K) = 1.8 X cm6 molecule-2 s-l for the lowest estimate, 
with a best estimate of 5.1 x cm6 s-I. Alternatively, the present 
value for k3( K +OH +He) may be adjusted for M = flame medium. Assuming that 
PN, or P H 2 / P H e " 2  and PHZO/PHe == 13 at T =  530 K, this yields k3[K+OH +M(flame 
medium), T = 530 K] = 4.1 x cm6 moleculep2 s-'. 

DATA INPUT FOR CALCULATIONS 

LENNARD-JONES PARAMETERS 

The Lennard-Jones model is not a good description of the intermolecular forces 
involving a highly polar molecule such as KOH ( p  = 8.5 D).41 Even variations such 
as the Stockmayer potential have not been used for molecules with a dipole moment 
above ca. 2.5 D.35 On the other hand, the attractive forces between He and KOH 
will not be nearly so great, and the Lennard-Jones collision frequency advocated 
in the Troe formalism" is a useful reference frequency in this case. We have 
therefore estimated (T and E l k  for KOH using the relations42 

a / A  = (1.58 Vb)1'3 ( f )  
( & / k ) / K  = (1.18Tb) 

wh$re vb and Tb are the molar volume and temperature at the boiling point 
( 1 A = 0.1 nm). This yields (TKOH = 4.07 A and EKOH/ k = 1880 K using Tb = 1595 K,43 
and estimating V,, from density measurements of the molten salt.44 ( T K O H + H ~  and 
& K o H + H e /  k are then obtained using the usual combining In fact, it can be 
demonstrated that whilst the actual values of u K O H + H e  and & K O H + H e / k  that are used 
to calculate ZLJ do have some effect on the value of Pc and (AE) that are obtained, 
they have little influence on the temperature extrapolation and the value of n (see 
later) that is finally obtained in the calculation. 

FUNDAMENTAL FREQUENCIES A N D  DISSOCIATION ENERGY OF KOH 
Recent m e a s ~ r e m e n t s ~ ~ , ~ ~  indicate that KOH in the gas phase is a linear molecule 

with a KO bond length of 2.18 A and an 0 -H bond length of 0.97 A. The KO 
stretching frequency has been measured from microwave spec t ro~copy~~  as 390 f 
40 cm-', the degenerate bending modes have been estimated as 320 * 30 cm",16 
confirming earlier work of J e n ~ e n , ~ ~  and the OH stretch as 3 6 6 0 ~ m - ' . ~ ~  The OH 
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bond length and frequency are similar to the theoretical predictions for OH-.41 
Indeed, SCF calculations on linear KOH by England4' show that the Mulliken 
electron populations in the region of the minimum of the potential well are 18.1 
electrons associated with the K atom, 9.4 electrons associated with the 0 atom and 
0.5 electrons with the H atom, closely corresponding to the structure K'(OH)-. 
The bond energy of the KO bond in KOH is taken as. Do= 357.3 f 1.2 kJmol-' 
from the 1974 supplement to the JANAF Tables.43 The same source is used for the 
relevant information on OH required for calculation of the equilibrium constant, Keq. 

APPLICATION OF THE TKOE FORMALISM 

In order to estimate the strong-collision dissociation rate constant for KOH, 
account should first be taken of the nature of the potential surface over which 
dissociation will occur. England4' has calculated self-consistent field, multiconfigur- 
ational self-consistent field and MC followed by configuration-interaction potential- 
energy curves for the linear-path dissociation of KOH to K+OH. He shows that 
KOH is highly ionised, giving rise to a very slowly varying function of the KO bond 
length near the minimum geometry, typical of highly ionic compounds and in 
agreement with the experimental value of 408 cm-' for the stretching frequency of 
the KO bond in KOH.46 

Following the methods of Grice and H e r ~ c h b a c h ~ ~  (and assuming KOH to be 
analogous to its isoelectronic counterpart KF), the avoided crossing between the 
diabatic ionic and covalent curves of KOH occurs at a KO bond length of 5.9 A. 
The resulting adiabatic curves from the mixing of the ionic and covalent states will 
have a splitting at this KO distance of CQ. 34 kJ mol-I, and thus curve crossing 
should not play a part in the dissociation process: according to the Landau-Zener 
formula, for example, the probability is essentially zero.47 There are not likely to 
be any barriers to dissociation and there will be a small centrifugal barrier to 
association. This barrier can be estimated by assuming a modified attractive van 
der Waals-type potential in the forming bond,2' using C" = 2E0/ r: and V( r )  = C*/ r6, 
where re is the equilibrium bond length and r is the length of the breaking bond. 
At the thermal temperatures in the present system, the maximum impact parameter 
b" == 6.56 h;, corresponding to a centrifugal barrier for the recombination of 
6.52 kJ m01-l.~~ This situation corresponds to the case-I1 potential considered by 
Troe. * 

The present calculations are carried out using two models of KOH, A and B. 
In model A the Troe formalism is applied with s = 4 and rn = 3, i.e. the molecule 
is considered to have four oscillators, three of which are described as Morse 
potentials and the OH vibration which is considered to be harmonic. Model B takes 
into account the potential function of ionic KOH slowly varying with r, owing to 
attractive l / r  Coulombic forces, so that dissociation to the covalent products is 
only achieved at KO bond lengths >5.9 A. Also, the very low bending frequency 
of vibration of KOH is approximated to be 320*30 ~ m - ' . ~ ~  This model implies 
that in molecules of KOH, which are highly vibrationally excited with energies close 
to Eo, these degenerate bending modes will be transformed into two free rotors, Le. 
s = 3  A, m = 1 and r =  2, the number of free rotors. Johnston4* considers a similar 
transformation in the dissociation of NOCl. 

The results of the calculations employing both of these models are shown in 
table 1. The collision efficiencies, pc, for He as a bath gas are estimated by 
comparison with the value at 530 K from the present work. Model A gives a value 
of pc at 530 K of 0.05 which is particularly low and difficult to interpret in terms 
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Table 1. Extrapolation of rate data for the reaction K +OH + 
H e + K O H + H e  

Data for K+OH +He at T =  530 K 
uu = 3.32A 

2, = 6.21 x lo-'' cm3 molecule-' s-' 

Eo = 357.3 kJ mol-' 

Keg = 1.23 x 10" cm3 molecule-' 

~ ~ / k  = 138.6 K 

E, = 27.9 kJ mol-' 

model A 

s = 4  m = 3  r = O  

0, = 408 cm-' 
QVi,=4.162 a = 0.9765 p(  Eo) = 2.795 

FE = 1.034 Fanh = 1.728 Fro, = 6.740 

u2 = us = 340 cm-' u4 = 3660 cm-' 

k r  = 1.35 x lop4' cm3 molecule-' s-' 
kszc,o = 1.66 x 

p, = 0.053 (AE) = 3 14 J mol-' 

cm6 molecule-* s-' 

model B 

s = 2  m = l  r = 2  

u1 = 408 cm-' 

Qvib  = 1 SO0 a = 0.9832 p ( E o )  =0.00185 
FE= 1.01 1 Fanh = 2 Fro, = 7.8 18 

u2 = 3660 cm-' 

FZein, = 43.656 

k r  = 1.42 X 

kszc,o = 1.75 x 

cm3 molecule-' s-' 

cm6 molecule-2 s-' 
p, = 0.50 (AE) = 7700 J mol-' 

Data for K +OH + He at T = 2055 K 
K,, = 2.65 x cm3 molecule-' 

model A 

k:,, = 5.924 X loF3' cm6 molecule-2 s-' 

(i) ( A E ) K  implies (AE)2055 = 618 J mol-' 

pC = 0.0267 krec,o = 1.58 x cm6 s-' 
n = 1.27 

( i i )  (AE) constant implies (AE)2055 = 3 14 J mol-' 

p, = 0.0143 krec,O = 8.45 x cm6 s-' 
n = 1.73 
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Table 1.-cont. 

model B 

k:Sc,o = I .37 x cm6 molecule-2 s-' 

(i) ( A E ) X  T'l2 implies (AE)2055 = 15100 J mol-' 

p c  = 0.348 krec,O = 4.78 x cm6 s-' 

n = 0.45 1 

(ii) (AE) constant implies (AE)2055 = 7702 J mol-' 

p, = 0.226 krec,* = 3.10 x cm6 molecule-2 s-' 
n = 0.769 

of weak-collision effects: most empirically derived collision efficiencies for He near 
room temperature are > O .  1 and usually <0.4.37*39 Troe2' postulates that unusually 
low collision efficiencies may be due to the disappearance of some oscillators during 
a simple bond fission, being transformed into free rotors. Indeed, model B gives a 
value of pc of 0.5, which is perhaps slightly higher than that often observed but 
which we consider a much better model of the present system. Further evidence 
arises from extrapolation to flame temperatures. The extrapolation depends on the 
nature of the temperature dependence of (AE). There is a body of empirical 
e ~ i d e n c e ~ ' . ~ ~  indicating that (AE) varies as T112 in the case of He. For most other 
third bodies (AE) is found to be roughly independent of T. We have performed 
the extrapolation for both these cases for models A and B to the temperature of 
most of the test flames in the work of Jensen et aL1', i.e. 2055 K. The results are 
also listed in table 1. The extrapolations have also been fitted to expressions of the 
type k( T) = AT-" and the values of n in each case are listed. 

It was shown earlier that the fitted rate constant from the work of Jensen et a2." 
could be adjusted for He as a third body in place of the flame mixture. The estimated 
rate constant k3 (K +OH +He, T = 2055 K) = 5.1 x cm' molecule-2 s-' is much 
closer to the extrapolated value from the present work using model B with (AE)N 

than extrapolations using model A. Even the lower limit of the rate constant 
from Jensen's flame measurements of 1.8 X s-' is greater than 
the range predicted from model A. We therefore suggest that model B is a closer 
representation of the nature of the highly excited dissociating KOH. 

Clearly, in proposing a value of n in a fitted extrapolation of the form T-", 
consideration must be given to the estimation of errors arising from the input data 
in the calculations. We have shown that the quoted errors in E,, the frequencies 
of the oscillators and the estimation of the Lennard-Jones collision frequency are 
unlikely to give rise to errors in n of >*lo%. The greatest source of uncertainty 
to which the calculation is most sensitive lies in the nature of the temperature 
dependence of (AE). This is illustrated in table 1 for the two cases of (AE)cc 
or one which is independent of T, giving rise to a spread of n = 0.45-0.77. We 
would therefore recommend a value of n = 0.45 with error limits of -0.05 and +0.35. 

cm' 

The temperature dependence of k3 is thus concluded as 

k3(K+OH +He, 500< T/K <2100) = 1.48 X 10-29T-0.45f:.i: cm' s-'. 

The rate constant for the reaction at 530K from the present work was used to 
estimate a rate constant of 4.1 x s-l in a mixture of H2 +N2 + cm' 
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H 2 0  at 530 K (see above). This can be used, together with the work of Jensen et 
aLL6 at 2055 K, to obtain the temperature dependence of the reaction as 

k,[K +OH + (H2 + N2 + H,O), 500 < T/K < 2 1001 

= 1.28 x 10-26T-1.28 cm6 molecule-2 s-'. 

There are obviously rather large uncertainties in this extrapolation, but it nevertheless 
illustrates a higher temperature dependence than the empirically employed15 use of 

In conclusion, apart from the description of the first direct measurement of k3, 
the detailed extrapolation to flame temperatures and compositions described here 
shows good agreement between the present result and that derived from modelling 
on flames. This is an important general conclusion for the use of flame measurements, 
which normally involve sets of high-temperature equilibria for the determination 
of absolute rate data for reactions of the present type. 
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