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We present a direct kinetic measurement of the absolute third-order rate constant for the 
reaction 

I(S2P3/,) was generated by the repetitive pulsed irradiation of CsI produced in a flow system 
from the reaction of CH31 in the presence of excess atomic caesium derived from a heat-pipe 
oven. The ground-state iodine atom was monitored by time-resolved atomic resonance 
fluorescence at A = 178.3 nm (I[S~"~S('P,,,)]-I[~~~(~P~~~)]} using photon counting in the 
vacuum ultraviolet region. C~(6~S1/2) was monitored by steady atomic resonance fluorescence 
of the Rydberg doublet at A = 457 nm [Cs(7,P,) - C S ( ~ ~ S , / , ) ]  using phase-sensitive detection. 
We report a measured absolute third-order rate constant of k,( T = 491 K) = 
(7.9* 1.2) x cm6 atom-, s-', which we believe to be the first measurement of its kind. 
We also report an estimate of the rate constant for the reaction 

Cs+I+He  + CsI+He. (1) 

I+CS, + CsI+Cs (3) 

of k3( T = 491 K) = 2 X lo-'' cm3 molecule-' s-', which is found to be in accord with previous 
kinetic measurements on I + Na, and Br+ K2. The crossing between the covalent and the 
ionic surface, described by the Rittner potential function, is found to take place at 17.3 A, 
and hence the recombination is governed by the large impact parameters involved on collision. 
Consideration of the splitting between the two surfaces, coupled with the Landau-Zener 
formalism and Monte Carlo calculations of trajectories on those surfaces, yields a good 
quantitative account of the observed kinetic behaviour, not only of the present recombination 
measurements but also of shock-tube data that have been reported for the dissociation of 
CsI at elevated temperatures (2400 K). In view of this, despite the clear third-order kinetic 
behaviour observed here for reaction ( 1 ), detailed theoretical consideration of the 'fall-off' 
pressure regime found to satisfy both the present measurements and the shock-tube data 
leads to the preferred value of k,(T=491 K) =9.1 x10d31 cm' atom-, s-' (*2S%). The 
combination of the recombination and dissociation-rate measurements and the modelling 
calculations lead to the temperature dependence of the form 

k,(491< T/K< 2400) = 4.1 x 10-30T-0.24 cm6 atom-, s-'. 

Measurements of the absolute third-order rate constants for the recombination 
of two different atoms by direct spectroscopic monitoring of the transient atoms 

t Permanent address: Department of Modern Chemistry, University of Science and Technology of 
China, Hefei, Anhui Province, People's Republic of China. 
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1676 RESONANCE FLUORESCENCE OF 1 A N D  cs 
themselves have not been reported hitherto on account of various experimental 
limitations, the most obvious of which concerns the calibrations connecting the 
spectroscopic signals and the atomic densities. By contrast, in recent years, absolute 
rate measurements have been described for the bimolecular reactions between atoms 
such as H, N and 0 in a flow system with a free radical such as OH.' This has 
been achieved by monitoring of OH under pseudo-first-order kinetic conditions in 
the time domain in the presence of a calibrated excess of atoms in a flow-discharge 
system.' We have recently presented a series of kinetic measurements between Na, 
K, Rb or Cs with OH and He2-5 from which absolute third-order rate constants 
have been obtained by monitoring OH( X 'II) using time-resolved molecular reson- 
ance fluorescence in the pseudo-first-order kinetic regime in the presence of defined 
excess concentrations of the alkali-metal atoms, derived from a heat-pipe oven, and 
the third body, helium. In this paper we report an extension of the technique to 
the study of atomic recombination between Cs + I + He, which we believe is the first 
measurement of its kind. Not only does this require experimental development for 
the photochemical generation of the transient iodine atom in a manner significantly 
different to that for the generation of OH(X 211)2-5 (see later), and the extension 
of the time-resolved resonance fluorescence measurements into the vacuum ultravio- 
let region, but there are also compelling fundamental reasons for the present 
investigation. As found with Na, K, Rb, Cs + OH + He,2-5 the interaction between 
the colliding reactants, Cs+I ,  on an ionic curve has a dramatic effect on the 
recombination rate, causing highly efficient recombination. 

The interaction between an alkali-metal atom and a halogen atom has been 
investigated under single-collision conditions in molecular beams ; ion-pair forma- 
tion has been observed6 for the combinations Li, Na+ I + Li+, Na++ I-. The theo- 
retical aspects of these reactions have been reviewed by Los and K l e ~ n . ~  Briefly, 
collision occurs initially along a covalent surface which, at a critical distance ( R x ) ,  
is crossed by the ionic diabatic curve describing the ground-state alkali-metal halide 
molecule. Since one of the covalent surfaces arising from the combination of a 
ground-state alkali-metal atom (2S1/2) and a halogen atom (2P3 /2 )  is 'X+ in character, 
and therefore of the same symmetry as the ionic surface, there is an avoided crossing 
at R, described by a splitting AEp between the two adiabatic surfaces in the vicinity 
of R,. An adiabatic collision will entail an initial charge transfer at R, onto the 
inner ionic section of the adiabatic surface. As the two resulting ions rebound, a 
charge transfer will occur at R,, leading to the final separation of the products as 
atoms, i.e. an elastic collision will have occurred. The formation of an ion pair, on 
the other hand, is caused by electronically non-adiabatic behaviour in the collision 
at either (but not both) of the points at which the system passes through Rx. The 
probabilities of such non-adiabatic behaviour at R, can be estimated using the 
Landau-Zener formalism,* and reaction cross-sections for ion-pair formation can 
be calculated' which agree closely with experiment6 Of course, for ion-pair forma- 
tion to occur, the colliding atoms must have an impact energy greater than the 
difference between the ionisation energy of the metal atom and the electron affinity 
of the halogen atom in order for the ions to separate. 

Baede" has pointed out that the cross-sections for ion-pair formation of the 
heavier alkali-metal atoms with iodine atoms are very small because one effect of 
the smaller ionisation energies of the heavier alkali-metal atoms is to yield larger 
values of R,. The value of AE,, is consequently smaller as a result of a reduced 
interaction between the wavefunctions of the two atoms. In terms of the probability 
of adiabatic behaviour, which is proportional to (AEP2)/u, where AEp is small and 
u is the relative impact velocity, most collisions between, say, Cs and I will not 
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result in charge transfer except at low impact velocities, which in turn will not 
provide sufficient translational energy for the ions to separate as products. Thus 
the probability of inelastic scattering in a crossed-beam experiment will be very low 
and beyond the range of detection." On the other hand, the recombination of Cs 
and I atoms in the presence of a bath gas should be a rapid reaction, judging from 
the measured rates of thermal dissociation of CsI in shock tubes'' at elevated 
temperatures, invoking detailed balancing. We have therefore measured the 
absolute recombination rate of Cs + I + He, which indeed turns out to be very fast. 
We have performed Monte Carlo calculations to model the reaction rate in an 
attempt to reconcile our experimental results with the theory of adiabatic covalent- 
ionic reactions. 

EXPERIMENTAL 

The immediate experimental objective of the present kinetic measurements is the determi- 
nation of the pseudo-first-order decay coefficient for the removal of atomic iodine by the 
reaction 

Cs+I+He  + CsI+He (1) 

under conditions where [Cs(6 2S1/2)] >> [I(5 2 P 3 / 2 ) ]  << [He]. The experimental procedure fol- 
lows the kinetic rinciples described in the analogous investigations on the reaction between 
Cs + OH + He?*" in which atomic caesium was derived from a heat pipe monitored 
in the flow system by steady atomic resonance fluorescence at A = 457 nm [ C S ( ~ ~ P , ) -  
CS(~~S, , , ) ]  coupled with phase-sensitive detection and where the atomic density in the 
high-temperature reactor was calculated from the appropriate flow calibrations and the data 
for the vapour pressure of atomic caesium in equilibrium with liquid caesium at elevated 
 temperature^.'^ Ideally, reaction ( 1) is most suitably studied by time-resolved resonance- 
fluorescence measurements on atomic iodine generated from the photolysis of a low equili- 
brium vapour pressure of CsI in the presence of an excess of caesium, derived from the 
heat-pipe oven, and the third body, helium. Unfortunately, this photochemical precursor, 
showing extensive light absorption from the far-ultraviolet to A == 390 nm,I5 is characterised 
by a very low equilibrium vapour pressure of 4.2 x lo-' Torrt at a temperature of 600 K,I6 
which represents the ceiling temperature of the present experimental arrangement. This is 
not governed in this application by the physical constraints of the stainless-steel reactor,2 
which can be used at temperatures in excess of 700 K,3 but by the background noise level in 
the photon-counting system using the relevant interference filter for the vacuum ultraviolet 
(see later). CsI was prepared by the reaction 

Cs+CH,I + CsI+CH, (2) 
CF31 was not used, in order to avoid further reactions yielding CsF. Reaction (2) is presumed 
to be rapid by analogy with reactions of Na and K with CHJ [ e.g. k (  Na + CH31) = (0.7-2.0) x 
lo-'' cm3 molecule-' s-' at T = 523 K]." The heat-pipe oven is operated at a temperature 
of 476 K, where the equilibrium vapour pressure of atomic caesium is 2.1 x l O I 5  atom cmp3.I4 
The reactor itself was kept at a constant temperature of 491 K. The temperatures inside the 
reactor and the heat-pipe oven were accurately measured by using a movable internal 
thermocouple. Thus a low concentration of CH31, always <lo% and usually <2% of the 
final atomic caesium concentration in the reactor, was introduced into the reactor in a helium 
flow. It is assumed that all the CH31 reacts to form CsI. This would be expected to yield a 
super-saturated vapour of CsI which eventually condenses onto the walls of the reactor and 
which nucleates in the gas phase. Nevertheless, the finite rate of nucleation and short residence 
time in the reactor (ca. 1-5 s), coupled with replenishment of Cs and CH31 from the flows, 
yields monomeric CsI at densities sufficiently high to yield 1(5 2 P 3 / 2 )  following pulsed 

? 1 Torr = 101 325/760 Pa. 
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1678 RESONANCE FLUORESCENCE OF I AND Cs  

irradiation at concentrations suitable for time-resolved atomic resonance-fluorescence 
measurements. 

The following are the principal atomic transitions of iodine requiring consideration in 
the present system:I8 

A/nm 

I[Sp46s(’p3/2)] -w I[5p5(’Po3/2)] + hv 178.3 

1[5p46s(’P1/2)] + I[5p5(’Po1,,)] + hv 
1[5p46s(’P3/2)] + 1[5p5(2P01/2)] + hv 

179.9 

206.2 

and which are readily observed by time-resolved atomic absorption spectroscopy or by plate 
photometry following photolysis of alkyl iodides such as CF31 and CH31.19-’l The atomic 
emission resonance source employed a microwave discharge through iodine and a small 
pressure of helium in a sealed quartz lamp, as described by Deakin and H ~ s a i n ” . ~ ~  following 
Liuti and Menta11.24 The end window of this spectroscopic source was constructed of 
high-purity Spectrosil quartz ( A  > ca. 160 nm), as were the lenses and optical components in 
the detection system. In view of our principal concern with the transition at A = 178.3 nm 
for the kinetic study of the ground-state iodine atom, the optical path between the spectroscopic 
source and optical entry port to the reactor’ was flushed with nitrogen contained by means 
of an appropriately constructed plastic This enjoys the advantage of permitting 
adjustment of the lens system within the bag for optimising the vacuum ultraviolet resonance- 
fluorescence signal. 

The photomultiplier tube (E.M.I. 9816 QB), incorporating a Spectrosil end window, and 
the associated electronics for photon counting of the resonance-fluorescence signals were 
those described in previous The broad-band interference filter for optical separ- 
ation employed here (Acton Research Corporation, U.S.A.) is characterised as follows: peak 
transmission (15.2%) at A = 176.5 nm; band width at half-peak transmission = 20.8 nm. 
Simple considerations based on these characteristics indicate that the transmission at A = 
178.3 nm is ca. 13.9%, that at A = 179.9 nm is ca. 12.7%, and that at A = 206.2 nm is barely 
significant. Full details of the use of the flow system, the high-temperature reactor, the pulsed 
initiation source by discharge through N2 at atmospheric pressure and the data processing 
of the resonance-fluorescence signals may be found in earlier The low photon 
counts observed in the kinetic decays clearly justify the neglect of radiation trapping and the 
assumption of a linear relationship between fluorescence intensity and concentration of atomic 
iodine. All materials (Cs metal, He, N2, CH,I and CF31) were essentially prepared as described 
in previous  paper^.^*",^^*^' 

RESULTS AND DISCUSSION 

KINETIC RESULTS 

Fig. l ( a )  gives an example of the digitised time-variation of the light intensity 
a t  A = 178.3 nm (with a minor component a t  A = 206.2 nm), indicating the decay of 
the time-resolved resonance fluorescence from I( 5 25,2) following the pulsed irradi- 
ation of a low pressure of CF31 in  the presence of  a n  excess of helium buffer gas 
and ca. 10 mTorr 02, added in order to  relax collisionally the 1(5 2P1/2) formed from 
the photolysis of  CF3L2’ The  atomic resonance-fluorescence signals [ e.g. fig. 1 ( a ) ]  
can  be seen to be satisfied by the form 

IF = el + O2 exp (49) (i) 

where el represents the steady scattered light from the  resonance l amp  and k’ the 
overall first-order coefficient for the decay of the atom. All the decay curves were 
subjected to fitting to eqn (i) using the LAMFIT procedure of The genuine 
resonance fluorescence signal due  to  the  decay of 1(5 ’P3/2) can be identified with 
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Fig. 1. Digitised time-variation of the light intensity at A = 178.3-206.2 nm { 1 [ 6 ~ ( ~ P ~ ) ] -  
I [ ~ P ~ ( ~ P , ] }  indicating the decay of time-resolved atomic iodine fluorescence (IF, counts per 
channel) following the pulsed irradiation of CsI vapour resulting from the reaction of CHJ 
and an excess of atomic Cs derived from a heat-pipe oven and monitored in the steady mode 
using atomic resonance fluorescence at A = 457 nm [Cs(7 *PJ)-Cs(6 2S1,2)] coupled with 
phase-sensitive detection. [Cs] = [Cs] (initial)-[CH,I] (initial); T = 491 K; E = 45 J ;  repeti- 

tion rate = 1 Hz; no. of individual experiments = 256; ( - ) IF = 8, + d2exp (-k't). 

[cs]/Io '~ atom cm-3 [He]/10'7 atom cm-3 
~~ ~~ 

(4 
( b )  1.9 
(4 8.1 
(4 8.1 

([CF31] = 4 x 10'' molecule ~ m - ~ )  15 
14.5 
14.5 
4.9 

the second term on the right-hand side of eqn (i) and can be expressed in the form:14 

(ii) 

where the symbols have their usual meaning. The presentation of fig. 1( a )  is primarily 
intended to illustrate the nature of the signal and its long-lived quality reflecting 
removal of the atom by diffusion. Decays of 1(5 2P3/2)  in helium at a variety of 
temperatures have been measured and demonstrate the role of this removal process 
in the absence of Cs, showing particularly that such rates are very slow, typically 
factors of lo2-lo3 slower than in the presence of atomic caesium. 

Fig. 2 shows the variation of k' derived from computerised fitting of the atomic 
resonance fluorescence decay traces according to eqn (i) following the pulsed 
irradiation of CF31 + He, in the presence of small quantities of 02, as a function of 
the reciprocal of the pressure of helium at T = 300, 380, 490 and 600 K. Thus the 
combination of eqn (i) and (ii) describes the decay of the fluorescence intensity of 
the transition at A = 178.3 nm, and fig. 2 therefore represents diffusional removal of 
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1680 RESONANCE FLUORESCENCE OF I A N D  cs 
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Fig. 2. Variation of the pseudo-first-order rate coefficient, k’, for the overall decay of 
1(5 2P3/2,1/2) as a function of the reciprocal of the pressure of helium, and at different 
temperatures, with monitoring by time-resolved atomic resonance fluorescence at A = 
178.3-206.2 nm { [ 6 ~ ( ~  P,)]-I[5p5(2P,)]} following the pulsed irradiation of CF31, demonstrat- 

ing diffusional loss, T/K: (a) 300, ( b )  380, ( c )  490 and (d)  600. 

1(5 ’P3/2) in He at these temperatures. It is not our intention to present a detailed 
study of diffusion coefficients of atomic iodine in this paper, especially in the absence 
of detailed definition of the boundary conditions necessary for quantitative solution 
of the diffusion equation.29930 Nevertheless, the slopes of the plots in fig. 2 yield 
estimates for D[I(5 ,)-He] in sensible accord with the range of values reported 
for D[I(5 2P1/2)-He.’6*31 Fig. 2, in particular part (c), for T=490 K, the tem- 
perature of the present measurements on reaction ( l ) ,  show diffusional removal to 
be very slow, as low as 30 s-l, and hence only a very small correction will be required 
for this mode of removal when decay coefficients are characterised for 1(5 2P3/2)  in 
the presence of Cs + He. 

Fig. 1( 6) and (c) give examples of the time-resolved atomic iodine resonance 
fluorescence signals following the pulsed irradiation of CsI in the presence of defined 
excess concentrations of atomic caesium, derived from the heat-pipe oven, and the 
helium buffer gas at T = 491 K. Fig. 1( 6) and (c) demonstrate atomic iodine decay 
profiles for varying [ Cs] and constant [He], and fig. 1 (c) and (d), profiles for varying 
[He] and fixed [Cs]. The phytolysis of CsI in the region A ~ 3 0 0 - 3 9 0  nm yields 
primarily Cs(6 2S1/2) and 1(5 2P3/2),15 with the production of 1(5 2Pl/2) and electroni- 
cally excited c s  atoms at lower wavelengths. The latter will be removed by spon- 
taneous atomic emission during the pulsed initiation process, and we may reasonably 
expect efficient and rapid quenching of I(52P,,2) by CsI by analogy with other 
iodides.” Hence the decays in traces of the type presented in fig. 1 (6) and (c) may 
be attributed to 1(5 ,I‘3/2) monitored via the resonance transition at A = 178.3 nm. 
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[Cs]/10’~ atom ~ r n - ~  

Fig. 3. Variation of the pseudo-first-order rate coefficient, k‘, for the decay of I(52P3/2), 
obtained by time-resolved atomic resonance fluorescence at A = 
178.3 nm ( I [ ~ S ( ’ P ~ , ~ ) ]  - I [ ~ P ~ ( ~ P ~ / ~ ) ] }  following the pulsed irradiation of CsI vapour in the 
presence of different concentrations of atomic caesium, monitored in the steady mode using 
atomic fluorescence of the resonance transition at A = 457 nm [ C S ( ~ ~ P , )  - Cs(6 2S1/z)] coupled 
with phase-sensitive detection ( T = 491 K). [He]/ 1017 atom ~ m - ~ :  ( a )  4.9, ( b )  6.9, (c)  10.4 

and ( d )  14.5. 

Fig. 3 shows the variation of k’ for the decay of 1(5 2P3,2) obtained by com- 
puterised fitting of the raw data to eqn (i), as a function of the concentration of 
atomic caesium for different concentrations of helium. The concentration of atomic 
caesium in the reactor was varied by a factor of ca. five by control of the flows for 
each of the five different total pressures of He employed in the range 24.3-83.4 Torr, 
four of which are presented in fig. 3. The atomic caesium concentration for each 
data point in this figure was calculated by subtracting the small concentration of 
CH31 in the flow from the initial concentration of Cs calculated from the combination 
of the equilibrium vapour density in the heat pipe coupled with the ratio of flows 
mixing in the reactor. On average, this correction was of the order of 3%. 

The overall first-order coefficient, k’, for the decay of 1(5 2P3,2), arising from the 
combination of the third-order reaction ( 1 )  and removal by diffusion is given by 
the form 

k’=  kdiR+ k,[Cs][He]. (iii) 

Thus the resulting plot of the slopes of the plots given in fig. 3(a)-(d), namely 
k2’= (k’-kdiR)/[Cs] against [He], should be linear and of slope k, ,  the absolute 
third-order rate constant for reaction ( 1 ) .  The result is shown in fig. 4. This plot 
is linear within experimental error, yielding a value of k,( T = 491 K) = 
(7.9 f 1.2) X cm6 atomp2 s-l. As with previous measurements of third-order rate 
constants for reactions undergone by alkali-metal atoms derived from a heat-pipe 
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1682 RESONANCE FLUORESCENCE OF I AND cs 
the quoted error of 15% in k ,  primarily arises not from scatter in the kinetic 

data, but from the control of the temperature in the heat-pipe oven and the resulting 
uncertainty in the equilibrium atomic vapour density. 

Unlike the investigations on the rates of the analogous third-order reactions 
between Na, K, Rb, C S + O H + H ~ , ' - ~  the intercept in fig. 4 is significant, namely, 
4.3 X cm3 atom-' s-'. We believe this intercept reflects the reaction of 1(5 2P3/2) 

with the dimer Cs,: 

I( 5 'P3/2) + C S ~  + CSI + I. 

Assuming Cs and Cs2 to be in equilibrium: 
(3) 

then k' should be given by the form: 

k'=  kdiR+ k,[Cs][He]+ k,K,,[Cs]'. 

No obvious curvature, as indicated by computerised parabolic curve fitting to plots 
of the type given in fig. 3, was apparent. It is proposed that the small degree of 
curvature is hidden within the error of the plots of fig. 3; indeed, this type of 
procedure has been the means of estimating the rate constants or upper limits for 
reaction of OH with Na,, K2, Rb, and Cs2 and the value for k3 obtained 
here supports the assumption. Since the range of concentrations of Cs employed 
in the five sets of plots at different pressures of He (fig. 3)  was the same in each 
case, the effect will yield an overestimate of the slope of k,' against [ Cs] of magnitude 
approximately given by k3Keq[ CS],,,, where [ Cs],,, is the maximum concentration 
of Cs used in the present measurements, namely, 9.4 x 1014 atom ~ r n - ~ .  This constant 
overestimate appears in the intercept of the plot of fig. 4. Hence we may calculate 
K,, for T = 491 K (1.8 x cm3 molecule'-)'3 and finally estimate k3 =: 

2 X lo-'' cm3 molecule-' s-'. This may be compared with the analogous values of 
k(I+  Na,, T = 573 K) = 1.0 x lo-'' cm3 molecule-' s-' derived from diffusion-flame 
measurements3, and k( Br + K2, T = 491 K) = 5 X lo-'* cm3 molecule-' s-l, which we 
have estimated from the reported cross-sections (90 A') derived from a molecular- 
beam Thus the intercept in fig. 4 is sensibly consistent with the removal of 
1(5 2p3/2) by reaction (3). 

cm6 atom-2 s-' is strikingly 
large compared with many recombination rate constants for atomic iodine involving 
other I atoms or diatomic molecules [ e.g. k( I + I + He, T = 491 K) = 1.8 x cm6 

cm6 atom-, s-l 35]. However, 
we may immediately compare our result with that described by Luther et al." for 
the thermal dissociation rate derived from shock-tube measurements at T = 2400 K. 
Those authors" report a branching ratio at this elevated temperature of 70% of the 
molecules dissociating to form atoms and 30% into ions. Combining their reported 
dissociation rate constant of 5.8 x cm3 molecule-' s-' with a calculated equili- 
brium constant of 4.0 x 

Phenomenologically, the value of kl of 7.9 x 

-1 34 s ; k(I+ NO + He, T = 310 K) = 6.04 X 

cm3 molecule-' 36 for the equilibrium 

CSI e C s + I  ( 5 )  

yields an estimate for the recombination rate constant ( T = 2400 K, [Ar] = 1.2 x 1019 
atom ~ m - ~ )  of 2.4 x cm6 atom-* s-'. Thus, our value of k,( T = 491 K) is of 
the same order of magnitude as this estimate. However, the shock-tube data showed, 
very unusually for a diatomic dissociation process, that for the pressure regime in 
which the measurements were carried out, the dissociation rate of CsI lay well into 
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3 6  
I 0 

:3 
Y 

0 4 8 12 16 20 
[He]/ 10” atom cm-3 

Fig. 4. Variation of the pseudo-second-order rate coefficient, ki{  =( k ’ -  kdiK)/[Cs(6 2Sl,2)]} 
for the decay of 1(5 ’ P 3 / J  as a function of the atomic helium concentration obtained by 
time-resolved atomic resonance fluorescence at h = 178.3 nm{16s(’P3/,)] - I [ S P ~ ( ~ P ~ / ~ ) ] }  fol- 
lowing the pulsed irradiation of CsI vapour, with monitoring of atomic caesium by steady 
fluorescence at A = 457 nm [Cs(7 2 P J )  - Cs(6 2S1/2)] coupled with phase-sensitive detection 

( T  = 491 K). 

the fall-off region, being between first and zeroth order with respect to the concentra- 
tion of the bath gas. Thus we cannot use this high-temperature estimate in conjunc- 
tion with our own value for k ,  at T = 491 K to obtain an estimate of the temperature 
dependence of the recombination rate constant in the low-pressure limit. In the 
next section we perform detailed calculations to explain quantitatively both the very 
large recombination rate constant that we have measured and also the observation 
of the fall-off from the low-pressure limit of this reaction at unusually low pressures 
of the bath gas. 

POTENTIAL CURVES 

Fundamental consideration of the recombination between Cs + I must be formu- 
lated in terms of the potential curves involved in reaction, and these have been the 
subject of extensive and detailed spectroscopic and theoretical disc~ssion.~’ It has 
clearly been e ~ t a b l i s h e d ~ ~  that CsI exists in the gas phase as an ion pair on a *E+ 
surface: This surface is illustrated in fig. 5, namely surfaces 1-111, which we have 
calculated using the full Rittner potential function38 with the parameters listed in 
table 1. This surface has been shown3’ to be an accurate representation of the ionic 
diabatic surface of an alkali-metal halide, and is given by the standard form: 

Vl(r) = - r - ’ + A  exp ( - r / p ) -  C6/r6-(cy++cy-) /2r4-2cy+cyy_/r7 (v) 
where a+ and a- are the ion p ~ l a r i s i b i l i t i e s , ~ ~ - ~ ~  and the factor c6 is calculated 
using the standard Slater-Kirkwood approximation. 

The second surface depicted in fig. 5, i.e. 11-IV, is a ground-state covalent diabatic 
surface representing the interaction between Cs(6 *S1/J and 1(5 2P3/2 )  atoms, and 
has been calculated using the expression 

V,( r )  = A exp (- r /  p )  - c’6/ r6. (vi) 
The accurate nature of this surface is not required for the detailed calculations (see 
later), and is included in fig. 5 for purposes of discussion only. The polarisibilities 
of the atoms are taken from ref. (39)-(41). 
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I 

I I 

I 

-61 I 1 1  I 1 I 1 
0 4 8 12 16 2 0  2 4  28 32 36 4 0  

r /  

Fig. 5. Diabatic potential curves representing the interaction between Cs+ + I-( I and 111) and 
C~(6~S1/2) + I(S2p3,2) (I1 and IV). R,  = pseudo-crossing-point of the diabatic curves; EOA = 

dissociation energv of CsT to C s ( h  *S. + T(5 P- (-1. 

Table 1. Parameters for the Rittner model and the covalent surface 

I\ *. 1 . .  mrrner moaei 

D,=3.56 eV ve = 119.18 cm-' Be = 0.0236 cm-' 
re = 3.3152 A 

acs+ = 2.27 A3 q- = 7.44 A3 c6 = 2.7 X lo-'' J A6 
repulsive term: A exp ( - r / p ) ,  A = 5.76 x lo-'' J p = 0.31 %, 

covalent surface 
~ ~ 0 3  ._I 0 ,  

= 59.6 A' (YI = 3.9 A' C,' = 8.2 X lo-'' J A" 

The C c T  mnleriile either diccnriatec ndiahatirallv tn atnmr r c l h  'C. ,-) cand 
-a*- v u -  *I-V-"---" w-..--w1 U l " . . V I l U C ' "  ""A""""'"", C" U C " . I I " ,  V U \ "  -1,&J, UIlU 

I( 5 2P3/2) ,  which involves a charge-transfer process, or dissociates diabatically to 
iwi ia .  ~ w i i  v b i  ably , I bbuiiiuiiiauuii W I  uic aruii ia  aiuiig LUG auiauarib yurciiuai aui iabc  

11-1 involves a change in electronic structure at R ,  = 17.3 A, the closest point of 
approach of the two adiabatic curves 1-11 and 111-IV. This may alternatively be 
viewed as the point where the two diabatic surfaces, i.e. the 'C' covalent surface 
11-111 and the 'C+ ionic surface I-IV, exhibit an avoided crossing on account of 
like symmetry.37 The size of the splitting between the two adiabatic surfaces at R,, 
AE,,, is in fact very small in the case of CsI, because the interaction between orbitals 
on the Cs and I atoms is reduced at such a large distance of R,. Grice and 
H e r ~ c h b a c h ~ ~  have produced estimates of AE, for all the alkali-metal halide pairs. 
Their calculation is based on a solution of a 2 X 2  secular equation derived from 
mixing the diabatic ionic and covalent basis states, which are simply approximated 
by asymptotic wavefunctions. In the case of CsI, the splittin between the adiabatic 
surfaces, AEp, is estimated to be ca. 4 X 1 0 - 2 4  J molecule- . 

We may also obtain an estimate of AE, from the experimental dissociation rate 
constant of CsI measured by Luther et all* in the following manner. If P is the 
probability of adiabatic behaviour along the surface 1-11 during dissociation or 

1 $2 
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recombination, then according to the simplified Landau-Zener 

P =  1 -exp ( - K / v )  (vii) 

where K = .?r2(AEp2Rx2)/(he2) and v = ( 2 E / p ) ' l 2 ,  E is the relative translational 
energy and the other symbols have their standard meaning. During molecular 
dissociation, the average probability of adiabatic dissociation is calculated by 
averaging P across vibrational energy levels greater in energy than the threshold 
energy, EOA, with the distribution function f( E )  d E  = exp ( - E / k T )  d( E / k T ) .  This 
gives 

pvib = n2AEP2Rx2/ (  he2)( ~ p / 2 k T ) " ~ .  (viii) 

Dissociation can be achieved by a trajectory along either the 1-11 or the 11-IV-I11 
surface. This introduces a factor of two into an expression for the limiting high- 
pressure dissociation rate constant, namely44 

(ix) kdiss, 00 = ~ v P Q $ /  Q exp ( - E O A / ~ T )  

where v is the vibrational frequency of the molecule at EOA and Q$ and Q are the 
partition functions of a dissociating molecule at the threshold energy, and one that 
is thermally averaged, respectively. Substituting eqn (viii) into eqn (ix) and evaluat- 
ing the partition functions one derives 

where v, is the fundamental frequency and Re is the equilibrium bond distance. 
[This expression for kdiss, is quoted in ref. (ll)]. The dissociation rate constant 
reported by Luther et aL" did not quite reach the high-pressure limit; in fact, those 
authors observed kdiss. CC [ but using their experimental value for the dissoci- 
ation rate together with eqn (x) one can estimate AEp = 5.0 x J molecule-'. 
This result is very close to the estimate of Grice and Herschbach,42 bearing in mind 
the extremely small splitting of the adiabatic states and the crudeness of the method 
of estimation. We employ our calculated value of AEp = 5.0 x J molecule-' in 
the calculations that follow. 

Considering now the recombination of Cs and I atoms, the average probability 
of adiabatic collisions, i.e. along 11-1, can be estimated by averaging P over thermal 
impact energies and noting that a trajectory along either the 11-1 or the 11-IV-111 
surface will produce an ion pair. The probability of charge transfer occurring upon 
an impact of a Cs and I atom with an impact parameter < R x  is thus estimated to 
be 0.0029. This low probability is reflected experimentally in the negligible cross- 
sections that have been observed for the collisional ionisation process of Cs+ 
I -+ Cs++ I- in molecular beams.9 

MONTE CARLO CALCULATION OF THE RATE CONSTANT FOR Cs + I + He 

In order to model the recombination reaction between Cs and I atoms we will 
assume the energy-transfer process dominates with He as the bath gas according to 
the mechanism 

k6 k,[MI 

C s + I  (Cs+I-)" - CSI. (6) 
k-6 

When a Cs(6 2S1/2) atom approaches an 1(5 'P3 /J  atom, eight molecular states will 
be produced (only one of which is 'Z+) which can interact with the ground ionic 
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state of CsI of the same symmetry. This would generally introduce a statistical 
factor into a calculation of the recombination rate constant. In the present case, 
however, little is known of the nature of the atomic coupling at such a large 
interatomic distance as R,, where these covalent states are crossed by the ionic *Z+ 
state [see chap. 3 of ref. (37)]. Furthermore, since near the critical distance R, all 
eight states will be degenerate, there may be very rapid transitions between curves 
either spontaneously, or because of perturbations arising from the proximity of a 
third body, on the time-scale of the approaching Cs and I atoms. This is discussed 
in some detail in ref. (45). We therefore prefer to assume an electronic factor of 
unity, which appears to be justified by the agreement between calculation and 
experiment (see below). 

If we assume that reaction will only take place if a given trajectory follows the 
11-1 or 11-IV-I11 surfaces to form a CsI ion pair, and that no reaction results from 
recombination on the eight covalent surfaces which are only slightly bound,37 k6 
and k-6 are clearly dependent on the probability of adiabatic behaviour at the 
crossing point, R,. Considering the excited ion pair CsI* to be in steady-state, 

Thus, at the limit of low pressure, 

krec,O = k6k7/ k-6- (xii) 

k7 can be expressed as pcZ,46 where 2 is the collision frequency of the third body 
and CsI" and pc is the collision efficiency of the third body which takes account 
of weak collisions that do not effectively remove sufficient energy to stabilise CsI" 
on every collision. 

Thus the overall rate constant for recombination may be written as 

(xiii) 

where &( T )  is the equilibrium constant for reaction ( k6/ k-6).  We now calculate 
the equilibrium constant &(T)  using the dynamic method of and 
incorporating the recent work of Smith.48 

Smith48 noted that k-6, k6 and k, [ = Z  in the strong-collision approximation, 
when kscrec,O = ZK6( T )  may all depend on the impact energy E and impact parameter 
b of a particular collision, and one should therefore begin by defining a detailed 
rate coefficient for the moment at the strong-collision approximation: 

and proceed to find a thermal rate constant by appropriate integrations over the 
spread of E and b values. The probability factor Pr(E, b )  takes account of weak- 
collision effects and their dependence on E and b. Following Smith48 we make the 
assumption that 2 is independent of E and b and that any dependence of k7 on E 
and b is reflected entirely in the values of the probability factors Pr( E, b ) .  The rate 
constants k6(& b )  and k-,(E, b )  can be written as the products of the probability 
of an adiabatic reaction occurring at energy E, P ( E ) ,  and rate constants k6'(E, 6) 
and k-,'(E, b ) ,  which we can calculate having assumed a probability of adiabatic 
behaviour of unity, i.e. k6(& b )  = k6 'P(E)  and k-,(E, 6) = k-6'( E, b ) P ( E ) .  Thus in 
the low-pressure limit the recombination rate constant, krec,O, is independent of the 
probability of adiabatic behaviour and may be calculated by assuming that every 
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collision of Cs and I with an impact parameter < R ,  will result in formation of an 
excited ion pair, i.e. 

krec,O(E, 6, = h ( E 7  6 )Zk , ' (E7  b ) / k - 6 ' ( E 7  b ) .  (xv) 

Then 

krec,o( T )  = 2 lom lobmax Pr( E, b )  kr6( E, b ) /  k'-6( E, b )  d 6  dE. (xvi) 

Adopting the dynamic approach of Bunker,45 which is based on the equation 

i p i 2 = E ( 1 - b 2 / r 2 ) -  v (xvii) 

the lifetime of one vibrational period of a complex of defined collision energy E, 
reduced mass p, and impact parameter 6, can be expressed as 

T ( E ,  l 1 ) = ( p / 2 ) ' ' ~ [ E ( l - - b ~ / r ~ ) -  V]-ll2 dr, [ = 1/  kP6'( E, 6)] (xviii) 

where the potential energy V is a function of r, the separation of the two nuclei. 
In the present case, V( r )  is very adequately given by the Rittner surface (see above). 
Here we have assumed that the CsI" ion-pair complex is formed by a pair of colliding 
atoms with an impact parameter b < 17.3 A (i.e. &). In the case of the Rittner 
surface the long-range potential is r * in character, owing to simple Coulomb 
attraction. The effective potential of a particular trajectory is given by 

VeR( r )  = V( r )  + Eb2/ r2 (xix) 

and it will be noted that, unlike the case examined by Smith48 in which the long-range 
interatomic forces were dispersive and gave rise to a rV6 potential, there are no 
centrifugal barriers in the present instance. This effect is illustrated in fig. 6, which 
shows the Rittner surface as well as three effective potentials arising from the same 
impact energy E, but different impact parameters 6. There is a slight maximum in 
the effective potential at R,  which is the result of the change in nature of the 
adiabatic surface from being ionic to becoming covalent. Thus the integration limits 
of eqn (xviii) can be seen to be r,,, = R, and rmin = the turning point on the inner 
branch of the effective potential curve. r,,, is therefore independent of the nature 
of the trajectory, but rmin is a function of E and b. k6'( E, 6 )  is only zero if 6 > R,. 
Otherwise, 

k6'( E, 6)  = 2 T b ( 2 E / p ) ' / 2 f (  E )  (xx> 

where f ( E )  is now a normalized function describing the distribution of collision 
energies at temperature T. Furthermore, T(E ,  6 )  is twice the time obtained by 
integrating the right-hand side of eqn (xviii) between r,,, and rmin. 

Combining eqn (xvi), (xviii) and (xx) yields the following expression for krec,o( T ) :  

krec,o( T )  = Pckscrec,O( T )  

=pcZ ~ o ~ ~ ~ b m a x E 1 / 2 f ( E ) 2 ~ b ( 2 ~ ~ ~ ~ ~ E ( ~ - ~ 2 / r 2 ) -  V]-'/2dr dbdE.  

(xxi) 

The maximum impact parameter b,,,, is R,. Any trajectory with an impact parameter 
> R ,  will not lead to an adiabatic reaction along 11-1. 

) 
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4 
3 

- 2  
I 

I -2 2 
5 -3 

b $ - 4  
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2 4  6 8 10 12 14 16 18 20 
r /  A 

Fig. 6. Potential curves showing the effective interaction for adiabatic collisions between 
Cs(6 2S1,2) + 1(5 2P3/2) at constant impact energy ( E  = 5 X lop2' J molecule-') and varying 

impact parameter ( b ) .  b / A :  ( a )  0, ( b )  7, ( c )  10 and ( d )  15. 

Table 2. Monte Carlo calculations 

ucsI = 5.62 A E /  kcsr = 1880 K 
~ c ~ 1 - H ~  = 4-09 A E /  kCsr-He = 139 K 

T=491 K 

2, = 9.1 X lo-'' cm3 molecule-' s-' 

&( T )  = k6/ k-6 = 1 .o x Cm3 mOkCUk-' 

kscrec,* = 9.1 X cm6 molecule-* s-' 

assuming p, = 0.1, 

krec,' = 9.1 x cm6 molecule-2 s-' 

1 = L4UU K 

2, = 1.42 X 

K6( T) = 1.83 x 

kscrec,O = 2.6 X 

cm3 molecule-' s-' 

cm3 molecule-' 

cm6 molecule-2 s-l 

assuming (AE) constant with T, p, = 0.025 

krec,o = 6.2 x cm6 molecule-2 s-' 

Following the method of Smith,48 we have used a Monte Carlo method to 
evaluate eqn (xxi) at T=491 and 2400 K after making suitable  substitution^.^^ 
Values of E and 6 are chosen by well established pseudo-random te~hniques.4~ 
The results of the calculations of K 6 ( T )  and the strong-collision rate constant at 
the two temperatures are given in table 2. The calculation of the Lennard-Jones' 
collision frequency between CsI+He is carried out using the expression given in 
ref. (46). The Lennard-Jones' parameters, u ~ ~ ~ - ~ ~  and E /  kCsI-He, are estimated2 
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from boiling-point and density m e a ~ u r e m e n t s . ~ ~ ~ ~ ~  It will be observed that at T =  
491 K the ratio kexpt,/kscrec,O is 0.08*0.01, which is very much in accord with the 
expected collision efficiency of He at this temperature, where pc 0.1. This corre- 
sponds to an average energy transferred upon collision, ( A E )  = -466 J mol-'.46~51-53 

The strong-collision recombination rate constant at T = 2400 K is shown in table 
2. In order to estimate the collision efficiency of He at this temperature, and hence 
the weak-collision rate constant, we take a value for Pc at T = 491 K and extrapolate 
to T = 2400 K using the relation derived by Troe:46 

P C  

1 -Pc1"- F,RT.  
(xxii) 

(In the case of a diatomic molecule the energy dependence of the density of states, 
FE, is unity.) We assume, with some experimental justificati~n,~' that (AE) is 
approximately independent of temperature. The collision efficiency at T = 2400 K 
is then 0.025, yielding 

krec,O = 6.6 x cm6 molecule-2 s-'. 

This calculation indicates that there is only a very slight negative temperature 
dependence of krec,O. In terms of the reaction dynamics this can be seen to be due 
to the lack of a centrifugal barrier in the effective potential governing these trajec- 
tories. If the long-range attractive part of the potential was such that centrifugal 
barriers were present, then at the large impact energies associated with high tem- 
peratures these barriers would be both large and occurring at small values of r. 
Therefore, many trajectories would fail to surmount them, and the time a successful 
trajectory spent inside the associated centrifugal barrier would be relatively short, 
leading to a slower recombination rate constant and thus to a greater negative 
temperature dependence of the rate constant. 

For the present reaction, the rate constant is about two to three orders of 
magnitude larger than expected for atom-atom recombinations. It is clear from the 
foregoing that this is due to the unusually large impact parameters which will lead 
to successful reaction, ( 6  < 17.3 A), to the slow variation with r of the Coulombic 
potential surface, and to the consequent lack of centrifugal barriers on the effective 
potential surface. Although the probability of an adiabatic reaction along surface 
11-1 is slight, once a charge transfer has occurred between the two colliding atoms 
the resulting ions are trapped on the ionic surface for probably many vibrational 
periods (unless they have a collision energy greater than the difference between the 
ionisation energy of Cs and the electron affinity of iodine, when collisional ionisation 
will result). 

THE FALL-OFF REGION 

We have already noted that Luther et a2." reported that at pressures of ca. 1-10 
atmt the rate of unimolecular decomposition of CsI exhibited an order of ca. 0.3 
with respect to the bath-gas pressure, which is presumably reflected in the order of 
the recombination rate constant at these pressures. On the other hand, at pressures 
of the third body below ca. 0.15 atm in the present measurements, we have observed 
clear third-order behaviour of the recombination reaction. There is thus a remarkably 
rapid fall-off from third-order to second-order recombination reaction with pressure 
of the bath gas over a small pressure range. In order to interpret this behaviour, 

t 1 atm = 101 325 Pa. 
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we consider the expression for the recombination rate at the limit of low pressure 
given in eqn (xii). We have calculated krec,O and set k7 = &Z. k, can be estimated 
from the following expression in terms of the adiabatic reaction probability, P(  E, 6): 

k6 = loa Jo6max 2 P ( E ,  6 ) 2 ~ 6 ( 2 E / p ) ' / ~ f ( E )  d6dE 

= 2rbiaxr2(  A E t R , 2 ) /  ( he2) .  (xxiii) 

k-, can therefore be estimated to be 8.6 X lo8 s-l. Such a low value for k-, may be 
understood if we write 

k- ,  == 2V(EOA)ij. (xxiv) 

Here p is the thermally averaged probability of the ionic CsI" complex dissociating 
adiabatically to atoms, and v(EOA) is the vibrational frequency in the Coulombic 
well of energy levels slightly greater than EOA. This frequency can be estimated by 
calculating the lifetime of one vibrational period of the CsI* complex from eqn 
(xviii) : 

T ( E )  = (2p) ' /26 , , ,  [E(1- b 2 / r 2 )  - V]-1/2 d r  d6  (XXV) 

where r,,, is now the turning point on the outer branch of the Coulombic well. 
This method indicates that v(EOA) = 3 x 10" s-'. Substitution of this value into eqn 
(xxiv), together with a value of 2 p  = 0.0031, indicates that k-, = 9.3 x lo's-'. This 
is in good agreement with the estimate of k-, made from the rate data (see above). 
This low value of k-, emphasises quantitatively how trajectories will be trapped on 
the ionic diabatic surface 1-111 once formation of the ionic complex has occurred. 

It will also now be apparent that this small value of k-, is the cause of the rapid 
fall-off from third to second order of the recombination rate constant. Examining 
the expression for k,,, as a function of [MI, i e .  reaction (6), it will be seen that the 
order of the reaction with respect to [MI is governed by the relative size of kW6 and 
k7[M]. In fact, these become equal at T =  491 K when [MI = 9.9 = 1019 ~ m - ~ ,  or 
only 0.65 atm. In order to interpret fully our results at low pressures of M and to 
compare them with the high-temperature recombination rate constant derived from 
the shock-tube data6 at high pressure," we have carried out a detailed calculation 
of k,,,: 

'max k6( E, 6 ) k J  MI db d E  
. krec = lom lo k-,( E, 6)  + k7[ MI 

(xxvi) 

k - , ( E )  is given by eqn (xxv) multiplied by a probability factor ( 2 P ) ,  and k6 is given 
by eqn (xx) multiplied by the same probability factor. The resulting plots of k,,, 
against [MI at T = 491 and 2400 K are illustrated in fig. 7. On the low-temperature 
plot the data from the present work are described well by the calculation, and that 
there is a slight degree of curvature over the pressure range that we were able to 
study using the present system. We therefore prefer the value of 

krec,o( T = 491 K) = 9.1 x cm6 atom-2 s-' 

which modifies our experimental measurement of krec,O by including the calculated 
effects of a fall-off over the pressure range employed in these measurements. (We 
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1 

0 

Fig. 7. Plots of the calculated second-order rate coefficients (k,,,) for the reaction between 
Cs + I + He as a function of the concentration of helium based on the Lindemann energy 
transfer mechanism modified to take account of the probability of adiabatic collisions between 
Ca and I atoms. (a)  T=491 K (0, this work); (b)  T=2400 K (a, shock-tube data, Troe 

and coworkers). 

assume here an error of ca. 25% to take account of approximations and assumptions 
in the calculation.) 

The temperature dependence of krec,O can be expressed as 

kre.,o( 49 1 < T /  K < 2400) = 4.1 x 1 OU3O 

On the plot of k,,, against [MI at T = 2400 K we include the datum-point derived 
from the shock-tube study. l 1  Considering the experimental and theoretical approxi- 
mations involved, there is a good agreement between calculation and experiment. 
More important, the order of the reaction is very well accounted for. If we express 
krec=[Mla, then Q varies from 0.54 at [MI = 1.2 x 1019cm-3, at which the rate 
constant was measured, to 0.23 at [MI = 4.8 x 1019 ~ m - ~ ,  the maximum pressure 
achieved in the shock-tube work.'' These values of cy straddle the rough value of 
0.3 found in the shock-tube experiments. 
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