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Kinetic Study of the Reactions of Ca{S) and Sr(S) Atoms with Cl, in the Temperature
Ranges from Respectively 3031038 K and 303-991 K
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A kinetic investigation of the second-order reactionsSaft+ CI2(12;) —(ki) CaCl+ Cl and Sr{S) +

CI2(12;) —(ka,) SrCl+ Cl was carried out in a fast-flow reactor in the temperature ranges of respectively
303-1038 K and 303991 K. The calcium and strontium atoms in the gas phase were generated by thermal
evaporation of the solid metal pellets. The concentration of the gas-phase metal atoms was followed by means
of atomic absorption spectroscopy (AAS) at wavelengths of 422.7 nm for calcium and 460.7 nm for strontium
atoms. Both reactions show an Arrhenius behavior and the rate constants are gikygrbf(6.0 & 0.8) x

10 %exp(—0.2 &+ 0.5 kJ motYRT)cm® molecule® s~ andk,,, = [(7.3 &+ 0.6) x 10 %exp(—0.4 £+ 0.4 kJ
mol~%RT)cm?® molecule* s™1. The results are interpreted in terms of the electron-jump mechanism. For both
the Ca/C} and the Sr/Glreactions, the experimental rate constants are too high to be quantitatively explained
by the classical electron-jump mechanism. However, the modified electron-jump mechanism which takes
into account long distance forces between the reagents gives a better agreement with the experimental values.

Introduction following expressions:

The classic collision theory states that a reaction can only k;_ = [(2.0+0.5) x 1077 %% em’ molecule ™ s
occur when the solid sphere of reagent A with a diameter (2)
collides with the solid sphere of reaction partner B with a A 050:002 3 1
diameter os. A necessary condition for having a reactive K =1[(9.1+0.3)x 10 T cm” molecule s
collision is that the centers of gravity of both reacting species 2)
approach to each other until a distangeg equal to ga +
og)/2 is reached. The maximum cross-sectigrid@this reactive
process can be expressedds.—g)?. However, for the alkaline-
metal atom/halogen reactions extremely high valueQfavere
experimentally determined, which could not be explained on
the basis of the classic collision theory. Indeed gas collision
cross sections in the range of-380 A2 can be expected while
for the alkaline-metal atom reactions cross sections with Cl
Br, and b between 100 and 200%have been measuréd®
Apparently such reactions do not require a classic collision

Another source of information on the Ca(Sry/Céactions is
coming from molecular beam experimefscrom the angle
dependence of the MeX product formation, it has been
concluded that the reactions proceed through the formation of
a very short-living intermediate complex, with a lifetime which
is several times lower than its rotational period. More recently
Gole et al'! investigated the emission arising from the mixed
halogen Sr/(GlBr,) reactions using both chemiluminescent and
LIF techniques.

between both reaction partners and they could better be treated Sr+ (Cl,, Br,) — SrCl+ SrBr (3)
by the so-called electron-jump or harpooning mecharfism.
It needs to be pointed out that the closed-shell character of Sr+ (Cl,, Br,) — SrCE' + SrBry' (4a)

the alkaline-earth-metal atoms may result in a potential energy
barrier when the reagents approach each other under a number
of geometrical configurations. Honjou and Yarkéripndeed
calculated a maximum energy barrier of 28.5 kJ mdbr the
perpendicularC,, approach of the Ca atom toward the,Cl  STCh + SrCl— SrCl, + SrCl* — SrCl, + SrCl+ hv - (4c)
molecule. They also demonstrated that in contrast toGhe
approach a collinea€y, approach does not show an energy SrBfgT + M — SrBr; — SrBr, + hv (4d)
barrier. Up until now the reaction dynamics ofCg approach
have not been looked at, but one may assume that this reactiorSrBr; + SrBr— SrBr, + SrBr* — SrBr, + SrBr+ hv (4e)
geometry will give an energy barrier intermediate between the
two extreme situations, and Cg,). The main reaction leads to nascent electronically excited
In this paper a kinetic study will be presented on the Ca(Sr)/ SrCET and SrBET dihalide products (4a). In a further step one
Cl, reactions. The only kinetic measurements available were gets collisional stabilization (M= bath gas or so-called third
obtained in atomic diffusion flames in the narrow temperature body) to form the long-living SrGland SrB molecules (4b
ranges between 933 and 1083 IBoth rate constants show a and 4d). Also the SrCl and SrBr monohalides were formed in
negative temperature dependence as can be seen from théhe ground-state (3), which is not surprising since the reaction
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SrCE" + M — SrCE— SrCl, + hy (4b)
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to electronically excited states of SrCl and SrBr are endothermic ~ -05
for respectively 10.8 and 34.7 kJ mél2 However, emission 41"
from SrCI* and SrBr* has also been seen (4c and 4e), and this
was explained by assuming an energy transfer in (4c) and (4e)
from the electronically excited Srand SrBj to the ground- 27 ¥
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state monohalides formed in (3). & 2.5 1 x :
Kinetic measurements on the ¢&f and SHS) atom/C} ‘_é 3 .

reactions will now be presented covering the temperature ranges

from respectively 3031038 K and 303-991 K. The experi- =35 - .

ments were carried out in a fast-flow reactor using AAS as the 4 1 x *

detection technique for the thermally evaporated alkaline-earth- 45 .

metal atoms. The results will be discussed in terms of the
electron-jump mechanism.

14 16 18 20 22 24 26 28 30
Experimental Technique reaction time (ms)

The experimental setup has been amply described in earlierFigure 1. The natural logarithm of the Sr atom absorbance as a function
publicationst3~17 and only a brief summary will be presented of the reaction time at various amounts of added,CThe experimental
here. It consists of two major parts: a fast-flow reactor under (c)orggu)tugn?’a)r(fgg—éf 13 *§' i)_ 613? Ié’)"g 366 ﬁrger(ag)alsd %IK;;
low pressure and an AAS detection technique. The fast-flow 51 5" and () 23.0 expressed in units of ¥amolecules crme.,
reactor consists of a quartz tube with an internal diameter of
5.7 cm and a length of 100 cm. At the upstream end a sample
holder carried the metal pellets which were thermally evaporated 310
at 600-700 K by means of a kanthal resistance wire. By means
of the carrier gas helium, the alkaline-earth-metal atoms were %, 260"
transported downstream in the kinetic zone where they were
mixed with an excess of @lIn the pressure range from 6 to
12 Torr, the flow velocityyy of the carrier gas helium has a
constant value of 328- 10 cm s! at 303 K. The temperature
in the kinetic zone could be varied between 303 and 1000 K
by means of an electrical oven and the temperature was
monitored by a shielded chromehlumel thermocouple. Cal-

)

210 A

160 -

slope Scaciz) (8

cium and strontium atoms were detected by AAS at respectively 10 4 ‘ . . — ‘ ;
422.7 and 460.7 nm. o 10 20 30 40 50 60
Assuming that the detection limit corresponds to an absor- [Cl;] (10" molecules cm™)

bance ofA = 0.005, one can calculate the detection limit for Figure 2. The slopes S of eq 5 for the CafGkaction as a function

the Ca(Sr) atoms by using a formalism explained in an earlier of the added Glconcentration. The experimental conditions aye=
paper® [Ca(Sr)]= CiAL™'T42in which C, is a proportionality 303 K (@) (P, = 8 Torr), 489 K (J) (P, = 10 Torr), and 930 K@) (P,

constant,L the optical path length (5.7 cm), aig the gas = 10 Torr). He as carrier gas, [{lis expressed in units of 10
temperature. With values f@:(Ca)= 0.663x 109 cm 2 K~1/2 molecules cm?.

and Cy(Sr) = 0.428 x 10'° cm=2 K12 at 500 K° one can

calculate the detection limits for calcium to be &3L0° atoms Weighted regressions on all plots were made using the
cm 3 or 1.12 ppb and for strontium: 84 107 atoms cn® or statistical SAS packagi€.The quoted errors were the standard
0.72 ppb at 6 Torr and 500 K. deviations.

Minimum distances between the metal atom source, the Cl
inlet, and the kinetic zone were maintained to allow for sufficient Results

mixing of the reagents as explained in earlier publicatiAs. Determination of the Rate Constantsk;., and ki, The

Kinetic measurements were made by following the decay of kinetic formalism used in the derivation of the rate constants
the alkaline-earth-metal atom absorbance as a function of theof the Ca(Sr)/Gl reactions has already been described in

axial distance along the fast-flow reactor. This was realized by previous papet§1’
moving the entire reactor assembly along its axis relative to

the detection equipment which remained at a fixed position. k Cl,]

; ; e sy[ 7.3 cysnm
Decays of the absorbances as a function of the distance can IN Acasn= — il B (5)
easily be transformed into decays as a function of the reaction n 2r?

time t using the expressioh = zy/vg. An advantage of this

technique is that relative positions of the metal atom source in which In Acasy is the natural logarithm of respectively the

and the Gl inlet remain constant during the experiments. calcium and strontium absorbaneea correction factor depend-

Reproducible absorbances could be maintained within 10% ing on the flow characteristiccasnmethe binary diffusion

when the temperatur@s of the metal pellets was stabilized coefficients of the Ca and Sr atoms in the carrier gas helrum,

within + 1%. the reactor radiust the reaction time, an@ an integration
For all the investigated reactions helium (L’Air Liquide) with  constant. The correction factoy is related to the flow

a purity of 99.995% was used as a carrier gas as well as in thecharacteristics, and the determination of its magnitude has been

gas mixtures. The Glconcentration was equal to 0.075% of amply discussed elsewhefe.

Cl; for both the Ca/Gland the Sr/Gl reactions. The calcium The use of eq 5 for obtaining kinetic parameters has been

pellets (Fluka) and the strontium pellets (Aldrich) respectively well-illustrated in our earlier wor&-22and will only briefly be

had a purity of about 99.5% and 99.0%. summarized here. The values of the rate constapts, were
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TABLE 1: The Rate Constantsk;,, of the Reactions CatS) + Cl, and Sr(*S) + Cl, as a Function of the TemperatureT4?
Ty (K) P; (Torr) Alc, Kic, (x 1071 cm? molecule s71) Ty (K) P; (Torr) A, k,Sr (x 10~ cm® molecule* s7%)

303 6 0.55 5.6 0.5 303 6 0.29 6.8&11
303 8 0.75 4.9 0.6 303 6 0.33 6.6:0.9
303 8 0.93 4.9 0.3 303 8 0.47 4.41.0
303 10 0.84 5.9 0.3 303 8 0.36 6.2 0.9
303 12 0.41 5.6:0.5 303 10 0.46 5%0.9
356 10 0.76 5.3 0.7 303 12 0.52 4.4 0.6
398 8 1.20 4.1 0.6 352 8 0.31 6.4-0.3
398 8 0.56 5.3:1.0 393 8 0.13 6.40.9
489 10 1.10 55 0.7 449 8 0.27 5%0.7
544 8 0.72 4.5+ 0.6 507 8 0.33 6.3-0.4
544 8 0.33 5.40.7 554 8 0.19 6.6:0.9
603 10 1.01 7403 598 8 0.18 580.2
700 8 0.40 8.2-1.1 651 6 0.16 8.&1.4
790 10 1.00 5#04 651 8 0.15 8.&0.4
790 10 0.34 8.3:0.4 651 10 0.36 8.40.3
930 10 0.80 6.4 0.4 651 11 0.19 8.660.4
1038 10 0.40 3.8&0.3 651 12 0.10 7403
1038 10 0.52 4505 707 8 0.07 5404
753 8 0.15 7.8£0.4

791 8 0.49 59%0.9

822 8 0.12 8.2:0.3

822 8 0.40 7.1%1.0

888 8 0.13 57#0.2

991 8 0.10 6.7#0.2

a P, is the reactor pressure, aw@a(S,)is the initial absorbance.

determined by following first InAcysr as a function of the 20

reaction timet at various amounts of gadded. Then a weighted 205

linear regression of Ica(snversust was performed, in which '

each value of IrAcasyhad a weighting factor equal tod#, a. 211 iig } é .

As an example, the pseudo-first-order decays ofSJratoms ) I ';‘L‘ﬁ‘:“#“&“-—%»—

as a function of the reaction timefor various initial C} 5_21'5 1 B l% It i §

concentrations at a temperatuig= 651 K and a pressure, *c‘ %

equal to 10 Torr are shown in Figure 1. T 22
In the next step, the slop&of these lines were plotted versus

the added [G] and a weighted linear regression resulted in a 22.5 -

straight line with a slope equal ta.,. (7 as is illustrated in

Figure 2 for three different temperatures: 303, 489, and 930 K -23 7 ‘ ‘ ‘ ‘ ‘

for the Ca/C} reaction. 0 0.0008  0.0016  0.0024 00032  0.004
Finally the observed slopes in Figure 2 need to be multiplied 1T (K)

by 7 to obtain the correct second-order rate constapts;, Figure 3. Plot of In kg, versus 1T according to the weighted

The value ofy depends on the magnitude of the intercept and nonlinear regression method: Ca/G#) (—) (eq 7) and Sr/Gl(O)
the procedure to determine its value is the same as in a previoug— —) (eq 8).

paper on the Mg(Ca,Sr)/N@eactions? In the given examples TABLE 2: Reaction Enthalpy AHg (kJ mol-3) of the

for the Ca/Cl reaction values for the second-order rate constants Ca(Sr)/CI'z Reactions Leadi%j to \/Rarious Electronic States of
kic, = 4.9 £ 0.6 (303 K), 5.5+ 0.7 (489 K) and 6.4+ 0.4 the Corresponding Metal Chloride MeCI*2

(930 K) in units of 1010 cm?® molecule! s~ were obtained.

electronic states of

To confirm the second-order behavior of the reactions, the the MeCl product Ca Sr
pressure dependence of the rate constapts, was examined oot 1611 1666
in the pressure range between 6 and 12 Torr and this at various AL +315 +10.8
temperatures between 303 and 651 K. It was indeed found that B2 +40.6 +223

the obtained values &k, Were independent of the pressure.

This also confirms that hydrodynamic effects, as there are the were carried out in the temperature ranges of respectively 303
mixing of the reagents or the wall-loss of Ca(Sr) atoms, have 1038 K and 303-991 K. The experimental conditions together
no systematic effect on the derived valuesgf ., with all the values ok, andk;, are listed in Table 1.

The influence of the initial alkaline-earth-metal atom con-  The results can be fitted to the classical Arrhenius formalism
centration on the value df.,., has been checked. For this according to eq 6:
purposeAc, s, was varied with a factor of 2 to 3.5 and in none
of the cases any systematic effectkip,, was noticed. This K — Aex F(—Ea) ©6)
proves that, as expected at these low initial metal atom leasy RT
concentrations, mutual reactions between the metal atoms or
consecutive reaction steps involving these metal atoms couldin which A is the preexponential factor (énmolecule’? s71),
be neglected. E, is the activation energy (kJ mdi), R is the universal gas

Temperature Dependence ok;., and ki, To establish the  constant (8.31441 J mdl K~1), andT is the temperature (K).
temperature dependence of the rate constagfs, experiments The rate constants,., ., were fitted to eq 6 by means of a
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TABLE 3: Comparison between the Calculated Values of, kej, and knej (Equation 9) with the Value of r(exp) Derived from
kexp and the Experimental Value keyp, at Room Temperature

re (A) kej (cm® molecule s71) r(exp) (A) Kexp (cM® moleculet s71) Kmej (cm® molecule’* s7%)

Ca/Ch (303 K) 2.8 1.2x 10710 5.9 5.4x 10710 7.7x 1070

Sr/Ck (303 K) 3.1 1.2x 10710 6.6 5.6x 10710 6.6 x 10710
weighted nonlinear regression using the SAS packagesult- the Cb molecule (1.0 eV¥,one can calculate the values figr
ing in the following Arrhenius expressions: of the Ca(Sr)/Cl reactions: see Table 3.

In the next step, the values of the electron-jump rate constants

k, =[(6.040.8)x 10 9 x kej at, e.9., 303 K can be calculated and can then be compared

Ca

with the experimental values at the same temperature. From
Table 3 it is clear that for both reactions the electron-jump rate
constant is about a factor of 5 lower than the experimental value.
To explain these larger experimental values, long-range forces

_ 1
ex;{ 02+ O;rk‘] mol )cm3 molecule*s™* (7)

— —1
k, =[(7.3+0.6)x 10 x between the reacting species should be taken into acébunt.
—0.4+04kImort) - Thgse forqes are mainly attractive dispersiqn forcgs which are
ex RT cm’ molecule~s ~ (8) active at distances larger than the electron-jump distance. This

mechanism leads to a so-called modified electron-jump rate

- i i i 25
The quoted error margins on both the preexponential factors constantkme; which is given by eq 9:

and the Arrhenius activation energies are at thdelel. 2C:\3(grT\2

i =al—] |=-| T¢l)em®molecule’s™ (9)
Figure 3 represents the values okip, s, from Table 1 versus Knej. = RT T 3
1/T.

One sees that the rate constants are almost independent o whichT" (%) is the gamma function o3 (=1.354),T'is the

the temperature and both egs 7 and 8 show that the reactiongas temperatur® s the universal gas constart].38 x 1072°
are characterized by a small or even negligible activation energyJ molecule® K™!), andu is the reduced mass of the reacting
in the range between 0.2 and 0.4 kJ malith an associated ~ Species. In eq 9 the factogGnly takes into account a dispersion

error of the same magnitude. interaction G". The derived values fo€2*" for the Ca/C}
and the Sr/Clreactions are respectively equal xQL0~1¢ and
Discussion 1.2 x 107163 A% molecule’™. Since C} has no permanent dipole
. . . . moment, the dipole-induced componerﬁd(}s equal to zero.
The reaction enthalpies of the possible Ca(Sg)f€actions Values of the rate constake calculated at 303 K by means

are summarized in Tablé2and as one sees both reactions can ¢ eq 9 are also shown in Table 3. For the Ca(Sg)f€hctions
only lead to ground-state CaCl and SrCPEX) in view of the they are respectively equal to 7710 10 and 6.6x 1010 cnd
endothermicity of the other reactions. molecule® s1. One sees that the modified electron-jump
As already said the rate constants derived in this work can formalism, although it slightly overestimatks,, better explains
only be compared with the results of Kashireninov et al., the magnitude of the rate constants than the classical electron-
obtained in the narrow temperature ranges between 990 andymp formalism.
1083 K for the Ca/Glreaction and 9331073 K for the Sr/Gl In view of the very large value of the rate constants and the
reaction? In both cases a small negative temperature dependenceabsence of any third-order character, one is allowed to estimate
was observed (egs 1 and 2). At the highest experimental that chemiluminescence from the reaction sequence @i
temperatures covered in this work, i.e., 1038 K for the Ga/Cl ynimportant for the overall destruction of the metal atoms in
reaction and 991 K for the Sr/€teaction, egs 1 and 2 lead to  our experimental conditions.
values of ki, respectively equal to 3.5¢< 10°*! cn? In the past also the Mg/€lreaction has been investigated
molecule s™t and 2.9x 107! cm® molecule® s™*. These  petween 303 and 903 K using the same fast-flow reactor
values are respectively about 1 and 5 orders of magnitude lowertechniquel” Since the electron-jump distance(2.2 A) at 303
than the second-order rate constants calculated from our dat is about equal to the equilibrium bond length of the reaction
(egs 7 and 8). In this context it should be mentioned that the product MgCl, a short distance charge-transfer rather than a clear
derivation of kinetic data obtained by means of the TVDF electron-jump mechanism was postulated. In addition, at this
(temperature variation of the diffusion flame) technitjie short distance. a repulsion on the potential energy surface
strongly complicated due to several interferences as there aregjready occurs, resulting in a low energy barrier for the Mg/Cl
the high temperature gradients in the reaction zone, the reaction of 3.6+ 0.3 kJ motL.
occurrence of secondary reactions, and the influence of con- |t needs to be pointed out that the observed activation energies
densation of the gas-phase products onto the thermocouplesef 0.2 + 0.5 and 0.4+ 0.4 kJ moi™ for respectively the Ca
Another point is that their results were obtained in the narrow and Sr reactions with €should be considered as negligible in
temperature range of about 150 K, which Certainly diminuishes view of the errors which are of the same magnitude (eqs 7 and
the reliability of the derived kinetic parameters. 8). This observation is in qualitative agreement with the
An attractive mechanism for interpretating the experimental modified electron-jump mechanism, which implies the absence
results of the alkaline-earth-metal atomy/Geactions is the  of an energy barrier. The large distansgsetween 5.9 and
electron-jump mechanism. The electron-jump distanagith 6.6 A probably explains why the calculated reaction barriers
the corresponding rate constadgican be calculated using the on the basis of an approach of both reagents on a covalent
same expressions as given in our previous paper on the alkalinepotential energy surface will not be realistic.
earth-metal atom/N@reactions® With the ionization energy
IEcacsn Of the Ca or Sr atoms, which is respectively equal to ~ Acknowledgment. We thank the Fund for Joint Basic
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