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Abstract

The kinetics of a range of halogen atom-abstraction reactions undergone by atomic rubidium in its electronic ground state, Rb(5%S; /2),
have been investigated by time-resolved laser-induced fluorescence at elevated temperatures. Rb(5%S; /,2) was generated in an excess of
halogenated reactant and He buffer gas by pulsed photolysis of rubidium halide vapours. Two separate experimental systems were employed
operating at the Rydberg transition at A = 420.2nm {Rb[6p(*P3 2] — Rb[5s(%S; s2)1} and at the shorter wavelength component of the
spin-orbit resolved D-line doublet transition at A = 780.0 nm {Rb[SsSp(2P3 2] — Rb[5s(3S; ,2)1}. Second-order rate constants krx for
various F, Br and I abstraction reactions have been measured for essentially single-temperature conditions. These rate constants, which
represent a new body of absolute rate data for Rb(>S; /2), are compared with the values reported hitherto by time-resolved atomic resonance
absorption spectroscopy and with those previously obtained for other alkali metal atoms using time-resolved techniques. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Absolute rate data resulting from time-resolved investi-
gations on alkali atoms in the gas phase have been reported
for a wide range of atomic reactions for both their funda-
mental importance and their roles in atmospheric chemistry
and flame inhibition processes [1-3]. Emphasis has under-
standably been given to rate processes undergone by the
lighter alkali atoms. Reactions of the heavier Rb(5%S; 2)
atom, investigated by time-resolved techniques, have been
less widely studied. Davidovits and co-workers have re-
ported studies of the reactions of alkali metal atoms in
general with Cly, Br, and I using flash photolysis (FP)
and atomic resonance absorption (ARA) spectroscopy [4-7].
Husain et al. [8—11] subsequently reported the kinetic stud-
ies of halogen atom-abstraction reactions by alkali metals
atoms with alkyl halides and mixed halides of fluorocarbons
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using a modified system from that originally described by
Davidovits [4-7]. Absolute rate constants for the third-order
recombination reactions Rb+OH +He [12] and Rb+1+He
[13] have also been reported using time-resolved molecu-
lar and atomic fluorescence for OH and I, respectively, in
the presence of excess Rb and He. Recently, kinetic stud-
ies on the reactivity of Rb with a series of alkyl chlo-
rides [14] and alkyl bromides [15], in which the length of
the aliphatic chain was varied, have been performed using
the FP/laser-induced fluorescence (LIF) technique. We have
also recently reported a measurement of the absolute rate
constant for the reaction between Rb + N, O with this tech-
nique [16] where the result has been compared with ear-
lier measurements using time-resolved ARA spectroscopy
[17].

In this paper, we report the results of kinetic studies at
elevated temperatures of reactions of Rb(5%S; ,2) with halo-
genated reactants involving F, Br and I derivatives employ-
ing the FP/LIF technique, namely, with the species CFy4,
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CF;H, CF,H,, CFs;H, CF3Br, CF;Br,, CFBr3, CH;Br,
CoH4Br,, CH3I and CHIp. Some of these processes have
previously been studied by time-resolved ARA [18] but
kinetic measurements involving time-resolved LIF have not
been reported hitherto. The absolute rate data reported here
are compared, where possible, with second-order rate con-
stants for Rb(5°S; ,2) reported hitherto by ARA though such
data are limited. The results are also compared with those
previously obtained for other alkali metals using different
time-resolved spectroscopic techniques.

2. Experimental

Two systems were employed using FP with pulsed LIF
for atomic monitoring in the time-domain. The first, system
A, which was previously constructed for kinetic investiga-
tions on Cs(62S; ,2) [19-21], was modified for the detection
of Rb(5281 ,2) on studies with the molecules CF4, CF3H,
CF,H;, CH3F, CF3Br, CF>Br; and CFBr3. A schematic
representation of the apparatus is shown in Fig. 1 and only
a brief description will be given here. Rb atoms were gener-
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Fig. 1. Block diagram of the experimental system employed for the
kinetic study of Rb(5%S; /2) at elevated temperatures, generated by FP of
a rubidium halide and monitored by time-resolved LIF at A = 420.2nm
{Rb[6p(*P3,2)] = Rb[5s(>S/2)]}.

ated by FP of a rubidium halide vapour in equilibrium with
its solid at elevated temperatures (780-830 K) [22-24] us-
ing a high pressure Xe flash lamp system (Optoelektronik,
model JML-SP10, pulse energy 1.257J). All the rubidium
halides are characterised by high absorption cross-sections
in the ultra-violet [25]. The temperature was measured with
a calibrated thermocouple and regulated (£5 K) by means
of a temperature controller (Jumo, model dTRONI6).
Atomic rubidium was monitored using the Rydberg tran-
sition at A = 420.2nm (62P3/2 <« 5251/2) employing a
pulsed dye-laser (Continuum ND60, 1mlJ/pulse at 5Hz,
Stylbene 420) pumped by a Nd:YAG laser (Continuum
NY 81CS10). LIF signals were collected orthogonal to the
photolysis and probe beams and passed through an interfer-
ence filter (420.2 nm transmission peak, FWHM 2 nm) and
a gated photomultiplier tube (Thorn EMI 9813B, Bialk.).
The signal from the photomultiplier tube was fed into a
gated integrator and then directed to a microcomputer for
data analysis. The timing sequence for the pulsed irradia-
tion, photomultiplier gating, laser probing and procedure
for pulse control, together with signal capture using boxcar
integration, critical to the experimental arrangement, have
been previously described in detail [19-21].

The second apparatus (B) employed for the kinetic
study of Rb(SZSl/g) with CF3Br (T = 875K), CH,Br;,
CoH4Bry, CH3I and CHjI, using the FP/LIF method has
been described in earlier papers [14,15] and its operation
is only summarised here. Rb(®’S) was generated by the
repetitive pulsed irradiation of the rubidium halide vapour
at a somewhat higher energy (E = 12J,5Hz) using an
ultra-violet flash lamp, externally triggered. The atom was
again monitored by the LIF technique, now at the shorter
wavelength component of the D-line doublet transitions
{Rb(52P3/2) - Rb(SZSl/z)} at . = 780.0nm [14,15]. This
was generated using a tuneable pulsed dye-laser pumped by
a pulsed Nd-YAG laser operating at A = 532nm. LDS 765
(Exciton) laser dye was used and the dye laser was employed
at energies of less than 1 mJ per pulse to avoid any saturation
effects. The fluorescence signals were optically isolated by
means of an interference filter prior to detection by a ‘gated’
photomultiplier tube (E.M.I. 9558B, S20 response). The
resulting output voltage was displayed on an oscilloscope
and input into the gated integrator of a boxcar averager.
The signal was then transferred to a computer and the data
acquisition was controlled by a commercial software pack-
age specifically written for use with the boxcar integrator
system. The details of the timing procedure for the various
pulses have been given [14,15] as have the construction
of the atomic decay profiles. With exceptions, dependence
of the absolute second-order rate constants on temperature
could not normally be characterised with either systems A
and B on account of the narrow temperature ranges acces-
sible. Hence, the values of rate constants for reactions of
Rb(5%S; ,2) +RX, krx, reported here, for various F, Br and
I abstraction reactions are essentially single-temperature
determinations, yielding the following results:
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Reactant T (K) krx (cm3 molecule™! s™1)
CF, 780 (4.8+1.4) x 1071
CF;H 780 (9.9+1.4) x 10714
CF,H, 780 (9.7+3.4) x 10713
CH;F 780 (1.1£0.6) x 10712
CF3Br 830 (6.9+£0.9) x 10712

875 (1.9+0.2) x 10~

CF,Br, 780 29+ 1.6) x 10~
CFBr3 780 (4.3+2.8) x 1071
CH,Br, 876 (9.94+0.2) x 10712
C>H4Br» 876 (8.5+0.4) x 10712
CH;l 875 (1.1£0.2) x 1071
CHs1, 875 (9.14+0.1) x 1012

2.1. Materials

Helium (purity, 99.999%; Distillers M.G. and Carburos
Metalicos) was used without purification. The photo-
chemical precursors, RbBr (99.7%, Aldrich) and RbI
(Aldrich, 99.9%), was refluxed in the reactor at ca. 800K
for several hours prior to kinetic measurements. CF4
(99.98%), CF3H (99%), CF2H; (98%), CH3F (99%) (Argon
S.A.), CF3Br (99.7% Argon S.A. and 99.99% Matheson),
CH;,Bry (99.0%), CoH4Bra (99.0%) CH3I (99.0%) and
CHsI, (99.0%) (Aldrich) were used as supplied following
degassing by numerous freeze—pump-thaw cycles (FPT) at
77 K. Liquid samples of CF;Br> (97%, Aldrich) and CFBr;3
(99%, Aldrich) were purified by trap-to-trap distillation
before use.

3. Results

Time-resolved LIF measurements on Rb(5251 /2) were
carried out under pseudo-first-order conditions with reactant
concentrations factor of at least 10° in excess over
that of Rb, photochemically generated and removed as
follows:

RbBr, RbI + Av(A > 190nm) — Rb(52S;,2) + Br,I (1)
Rb(5%S1,2) + RX — RbX +R  (krx) )
Rb(5281 s2) — diffusional loss 3)

Time scales used were sufficiently long to ensure that relax-
ation of any Rb(52Py) and the higher lying spin-orbit states,
Br(4%P ») and I(52P; 2), was rapid compared to the rate of
chemical removal of Rb(5281 ,2). Under these experimental
conditions, the decay of the Rb atom concentration is given
by the integrated expression:

[Rb]; = [Rb];= exp(—k't) “)

where k' is the overall pseudo-first-order rate coefficient of
the atom. This is related to the second-order rate constant

for the general reaction (3), krx, by the standard expression
k" = kaitr + krx[RX] ()

where kgigr 18 the first-order rate coefficient for the removal
of Rb(5281 ,2) in the absence of added reactant, primarily
attributed to diffusion out of the viewing zone, which is in-
versely proportional to the total pressure, pt (kgisr = B/pPT)-

Values of kK’ were obtained from exponential fittings of
the LIF signals recorded at varying total pressures within
the limited temperature range 780-876 K in the presence of
a fixed fractional composition of the halogenated reactant
(f = [RX]/([RX]+[He])) as hitherto [14,15,19-21]. Thus,
for a series of such measurements, Eq. (5) can be expressed
in terms of pr in the form

K pr = B + krx pr* (6)

where krx is now in the appropriate units involving pressure
and g is linearly related to the binary diffusion coefficient of
Rb atoms in helium, D1;(Rb-He) [14,16]. Hence, krx may
be evaluated from the slopes of plots of Kpr vs. pp2 plots
for a given temperature and using the appropriate value of f.
Detailed investigation of Diy(Rb—He) using the ‘long-time
solution’ of the diffusion equation is not pursued in the
present measurements in view of the difficulty in character-
ising the appropriate boundary conditions concerned with
laser excitation and light collection. The objective here is to
establish the form of Eq. (6) and to demonstrate that § is a
relatively small term in the decay profiles and hence, over-
all, to characterise the absolute rate data of the chemical
reactions.

Examples of typical LIF profiles at A = 420.2 nm using
the (62P3 /2—525 172) Rydberg transition (system A) for the
decay of Rb(5281 ,2) in the presence of a fluoride, CH3F,
and excess He at 7 = 780K in a mixture of fixed fractional
composition, f = [CH3F]/([He] + [CH3F]) = 5.3 x 1074,
at varying values of pr are shown in Fig. 2. Similar sets
of LIF profiles taken at this wavelength were recorded for
other reactants listed in Section 2. Fig. 3 shows LIF decay
profiles for Rb(5%S;,2) at A = 780.0nm {Rb(5°P3,2) —
Rb(5%S; ,2)} (system B) in the presence of an iodide, CH3I
(f =22 x 107%), at T = 875K. Solid lines represent the
computer fit to the standard form

Ig = A+ Bexp(—k't) 7

where Ig represents the fluorescence intensity which is
directly proportional to the Rb concentration at time ¢ in
the standard weak light absorption approximation, and A
represents the long-time component of the scattered light.
Halogen atom exchange should not be significant when
flowing the relatively inert CH3F, heavily diluted in He, over
RbBr, chosen for its photochemical yield of Rb(5%2S; 2)-
Whilst some halogen exchange could take place with, for
example, CH3I + He and RbBr, it may be emphasised that
the current use here of flow systems should minimise this
effect with the interaction of reactants prior to photolysis
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Fig. 2. Examples of the digitised time variation of the LIF intensity at A = 420.2nm {Rb[6p(2P3/2)] — Rb[5s(3S; s2)1} indicating decay profiles
of Rb(5%S; ,2) atoms, generated by the FP of RbBr vapour at elevated temperature (780K) in the presence of CH3F and excess helium buffer gas
(f = [CH3F]/([CH3F] + [He]) = 5.3 x 10~%) at different total pressures, pr. pr (Torr): (a) 17.4; (b) 44.1; (c) 71.0; (d) 99.7.
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Fig. 3. Examples of the digitised time variation of the LIF intensity at A = 780.0 nm {Rb[SsSp(2P3/2)] — Rb[5s(3S; s2)1} indicating decay profiles
of Rb(5%S, »2) atoms, generated by the FP of RbI vapour at elevated temperature (875K) in the presence of CH3l and excess helium buffer gas
(f =2.2 x 107%) at different total pressures, pr. pt (Torr): (a) 14.1; (b) 30.0; (c) 50.1; (d) 70.4.
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taking place in the gas phase rather than at a solid surface,
as in static systems. Nevertheless, this needs to be borne in
mind when considering appropriate rate data. Values of k¥’
from the decay profiles were measured over a wide range
of the total pressure for the different reactants in excess He.

3.1. Fluorine atom-abstraction

The reactions of Rb(5281 2) with CF4, CF3H, CF;H; and
CH3F were studied at 780 K using RbBr as the photochem-
ical precursor of Rb(5%S; /2)-

Rb(5%S1/2) + CF,Hs_, — RbF + CF,_1Hy_,
(I=x=4 (krx) (®)
The range of the fluorocarbon fractional composition, f, used

varied from 4.2 x 10™# to 0.1, depending on the compound
reactivity. LIF profiles at A = 420.2 nm of Rb(52S; ,2) with

Table 1

these reactants were found to be strictly exponential in form
and were fitted by a non-linear least-squares fitting routine
to Eq. (7). Fig. 4 shows plots of Kpr vs. pr? for each flu-
orocarbon studied here. Values of krx for the reactions of
Rb(5%S; /2) with these fluorides were thus obtained from the
slopes of these plots and the appropriate values of f. A sum-
mary of these results is presented in Table 1 together with
analogous rate data derived by other methods and for other
alkali atoms. To the best of our knowledge, with the excep-
tion of CFy4, these absolute rate constants constitute the first
values reported for these reactions. The only published ki-
netic study of the reaction of Rb(52S; 2) with CFy is that of
Husain and Ji [18] using the FP/ARA method.

3.2. Bromine atom-abstraction

Time-resolved FP/LIF measurements, principally using
system A (A = 420.2 nm) were carried out for kinetic studies

Absolute second-order rate constants for the reaction of ground-state rubidium atoms, Rb(5%S; /2), and other alkali metal atoms with a series of halogenated
compounds at elevated temperatures determined by time-resolved spectroscopic methods (errors £ 20)

Reactant Alkali metal T (K) krx (cm® molecule 17! s~ 1) Detection method
CF, Na 833 ~51x1071 ARA?
K 755 ~8.0x 10714 ARAP
Rb 780 4.8+1.4) x1071 LIF®
744 (1.0£0.2) x 10714 ARAY
Cs 830 (1.9+0.8) x 10715 LIF®
833 (7.0£2.4) x 1071 ARAT
CF;H Rb 780 9.9+ 1.4) x 1074 LIF¢
Cs 830 (3.7+£24) x 1074 LIF®
833 (2.440.4) x 10712 ARAf
CF,H, Rb 780 9.7+3.4) x 10713 LIF®
CH3F Na 780 ~23x 1071 ARAS
K 780 ~22x%x 10714 ARAP
Rb 780 (1.1£0.6) x 10712 LIF®
Cs 834 (3.4+0.8) x 10712 ARAf
CF3Br Na 830 ~ 8 x 10711 ARA?
K 830 (6.6+2.6) x 10~ ARAP
Rb 830 (6.8+£0.9) x 10712 LIF®
875 (1.940.1) x 10~ LIF®
874 (1.1+1.2) x 1071 ARAY
Cs 780 3.84+2.4) x 1071 LIF®
830 (2.9+0.6) x 107! ARAf
CF,Br, Rb 780 29+1.6)x 1071 LIF®
Cs 780 (1240.2) x 10710 LIF®
CFBr;3 Rb 780 (4.3+28) x 1071 LIF®
Cs 780 (6.440.3) x 107! LIF®
CH,Br, Rb 876 (9.9+0.1) x 10712 LIF®
CoH4Br» Rb 876 (8.5+0.2) x 10712 LIF¢
CH;I Rb 875 (1.1+£0.1) x 1071 LIF®
CH,I, Rb 876 (9.1 +£0.1) x 10712 LIF®
aRef. [10].
b Refs. [26,27].
¢ This work.
dRef. [18].
¢ Refs. [20,28].
fRef. [29].
2Ref. [10].

hRef. [27].
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of the reactions

Rb(5%S1/2) + CFyBrs_, — RbBr + CF,Br;_,
(I=y=3) (krx) ©)

and were performed under pseudo-first-order conditions
working with f factors typically between 2.5 x 107> and
4.0 x 10~* according to the halogen reactivity. The reaction
of Rb(52S; ,2) with CF3Br was studied at both 830K (sys-
tem A, A = 420.2nm) and 875 K (system B, A = 780.0 nm).
As in the study of fluorine atom-abstraction reactions, RbBr
was used as the photochemical precursor of the Rb atoms.
LIF profiles were recorded at A = 780.0nm (B) for the
decay of Rb(5%S; /2) in the presence of other reactant gases
listed in Section 2 . Fig. 5 shows linear plots of k'pr vs.
pr? following Eq. (6) for the reactions of Rb(5%S; ,2) with
CF;Br, CF,;Br; and CFBr3 from LIF measurements taken
at A = 420.2 nm. Fig. 6a and b shows analogous plots from
data taken at A = 780.0 nm for the reactions of Rb(5%S; 2)
with CH;Br; and C,H4Br,. The slopes of these plots cou-
pled with the appropriate values of f yield the absolute
second-order rate constants for these reactions of atomic
rubidium at the temperatures listed in Table 1. Only kcf;Br
has been previously determined using the FP/ARA tech-
nique [18]. To the best of our knowledge, absolute rate data
have not been reported for the reactions of Rb(5%S; ,2) with
the remaining bromides.

3.3. lodine atom-abstraction

A set of LIF measurements at > = 780.0 nm, analogous to
those shown for Rb(5%S2) + CH31 in Fig. 3, were recorded
for the decay atomic rubidium in the presence of CHsI, at
T = 876K (f = 2.5 x 107*). Fig. 6 includes the plots of
Kpr vs. pT2 for the reaction of Rb(SZS 172) with CH3I and
CH:I, yielding the absolute second-order rate constants for
these reactions using the values of f employed. The results
obtained for the reactions investigated here (errors £+ 2 o)
are listed in Table 1 together with the previous analogous
data, where available, reported for reactions of Na(3251 /2)s
K(4251/2) and CS(6281/2).

4. Discussion

Table 1 lists the absolute second-order rate constants for
the fluorine, bromine and iodine atom-abstraction reactions
by Rb(52S; ,2) studied in this investigation together with
data for analogous reactions of other alkali metal atoms
using the FP/ARA or FP/LIF time-resolved techniques.
Fluorine atom-abstraction reactions are slower than those
for bromine and iodine atoms with the reactivity increasing
as the number of fluorine atoms in the reactant molecules
decreases. The only previous results reported for the reac-
tions of atomic rubidium investigated here are for CF4 and
CF;Br, both employing the FP/ARA method, are larger than

the LIF data described here. The LIF data are favoured in
view of the use of flow systems, as indicated in Section 2,
and the accompanying data acquisition and signal averaging
procedure. The comparison of the absolute rate constant for
the Br atom-abstraction with CF3Br, kcg; By, for Rb(5251 2)
with the analogous result for Cs(62S, /2), also determined
by LIF in our laboratory [20,21], shows that the latter is
clearly greater and consistent with the smaller ionisation
potential of the caesium atom compared to atomic rubidium
[30], although this kind of relationship is not consistently
observed across all the measurements. For analogous com-
parisons in Table 1, FP/LIF data are, in general, preferred
to those derived from the FP/ARA technique in view of
the advantages of the flow method and the avoidance of
complexities arising from the use of a static reactor in the
ARA method operating in the ‘single-shot mode’.

As has been previously noted, measurements of the
presented type using both A and B systems are usually
single-temperature measurements in the range 780-875K,
where a clear dependence of krx on temperature is difficult
to characterise when endeavouring to extract a small acti-
vation energy from measurements at elevated temperatures.
Hence, activation energies were estimated assuming an
approximate Arrhenius pre-exponential factor equal to the
collision number (= 2 x 10710 cm? molecule ™! s~!) which
is often employed for reactions of atoms and small radicals
[21]. In the case of the Rb + CF3Br results, this procedure
yields E, = 23 and 17kJ mol~! for T = 830 and 875 K,
respectively. The use of the Arrhenius equation with these
data (Table 1) yields E, = 22kJ mol~!, though this level of
agreement is considered to be fortuitous with this method
involving two separate FP/LIF apparatus employing differ-
ent atomic resonance transitions for LIF monitoring across
a narrow range at elevated temperature.

Reaction enthalpies were calculated using the R—X bond
dissociation energies and the corresponding bond energy
of Rb halide formed in the reaction (D(R-X) (kJ mol_l):
CF3-F, 541.2; CF,H-F, 527.1; CFH,-F, 492.9; CH3-F,
452 £ 13; CF3-Br, 295.4 £ 13 and CH3-1, 222.6 [30-33].
With the exceptions of CF4 and CF3H, the halogen
atom-abstraction reactions are exothermic in all cases. Hy-
drogen atom-abstraction reactions of Rb(5%S; s2) with hy-
drofluoromethanes are highly endothermic (AH (kJ mol~1)
CF3H, 279.4 &+ 17; CHaF,, 264 £ 17; CH3F, 256.8 £ 17)
[30,31] and may be neglected. Bond dissociation energies
for CF;Br, and CFBr3 were not found in literature but
the exothermicity for reaction with Rb(52S, ,2) should be
greater than —85 £ 9kJ molfl, the value of AH value
calculated for CF3Br [30]. Br atom-abstraction reactions
of Rb(5%S; ,2) with fluorobromomethanes are favoured
over those involving F atom-abstraction on thermochem-
ical grounds. Whilst we may note trends such as for F
atom-abstraction with the series, kcr, < kcr;H < kCF,H, <
kcusr and Br atom-abstraction for the limited series,
kcr;Br < kcr,Br, < kCEBry, simple correlations are difficult
to assign across a limited range of rates for the remaining
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Br and I-containing reactants. An analogous variation of
the rate data for Cs(62S; ,2) with an increase in reactivity
observed for the reactions of fluorine-containing molecules
with the decrease in the number of F atoms in the reactant
molecule has also been observed [20,21] and is consistent
with the thermochemistry of the reactions. Overall, the
present measurements have led to a new body of absolute
rate data for reaction of atomic rubidium from direct mon-
itoring in the time-domain using FP combined with LIF.
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