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Abstract

Molecular electronic branching ratios to yield CaP{# ») and CaF(&I13/2) have been measured in the time-domain following the
F-atom abstraction reaction of electronically excited calcium atoms, Caf#4h(1.888eV above the 34180) ground state, with
CHzF* Ca[4s4p(3P1) ] was generated by the pulsed dye-laser excitation of ground state calcium atorB5at 3 nm{ Ca[4s4ptPy)] <
Cal4¢ (180)]} atelevated temperatures in the presence affcdhd excess helium buffer gas in a slow flow system, kinetically equivalent to
a static system. Atomic fluorescence emission profiles at the resonance wavelength together with molecular chemiluminescence emissi
at»=606 nm, CaFA?Ily, — X2+, Av = 0) andA=603 nm, CaFA?I13, — X2+, Av = 0) were recorded. These demonstrated
exponential decays characterised by decay coefficients which were equal under identical chemical conditions thus demonstrating t
production of CaF(Al’Il/gg/g) by direct reaction of C&P,) with CHsF. The combination of the time-dependences of the atomic and
molecular profiles as a function of the concentration ogEltbgether with integrated atomic and molecular intensities yielded branching
ratios into the AI1y,, and ATl3/, states which were found to be as followsi/A (1.44+0.6)x1073; A2, (1.2£0.5)x 103, Whilst the
higher lying CaF(Bx ™) is also energetically accessible on reaction, the B-X chemiluminescence was not observed and is attributed to :
low branching ratio on reaction into that state. The results are compared with various related datafgy f0afotal branching ratios
into electronic states studied in the single collision condition and with branching ratios of BtEgA A%I13/2, B2X ) following the
reaction of Sr[5s55;,)]+CHsF investigated following pulsed dye-laser excitation where the yields of SyE;(As/2) were of similar
low magnitudes. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction earth atoms using molecular beams under single-collision
conditions [6-14] and is an area that has been reviewed
The collisional behaviour of electronically excited cal- in some detail from both the experimental and theoretical
cium atoms in the Ca[4s4iR;)] state, 1.888eV above viewpoints [15-18]. Measurements of branching ratios into
the 4¢(1Sy) ground state [1], with alkyl halides has been specific product quantum states for this type of chemical
investigated hitherto in the time-domain in order to study System for reactions of Ca{R,) in particular, whether
the mechanism of electronic energy distribution in the di- from investigations in the time-domain or using single col-
atomic products following halogen atom abstraction [2-5]. lision conditions, are limited. Dagdigian et al. [13] have
The combination of time-resolved atomic fluorescence from studied the reactions of Ca@,) with Cl,, CH3Cl, CH3Br,
Ca(4#P;) and time-resolved molecular chemiluminescence CH2Br2, CH,=CHCH,Br and GHsCH,Br by the molecular
from CaX(AIl, B2 t—X2x1) has thus been employed beam technique. These authors report chemiluminescence
following the pulsed dye-laser generation of the atomic cross sections [13] from which one can obtain total elec-
state. Such measurements are complementary to the studjronic branching ratios into all the accessible excited states,
of analogous processes for electronically excited alkaline CaX(A%ITy/2,3/2, B2S ™). Gonzalez Urefia et al. [19] have
studied the reactions Cdl, 3P;)+CHal— Cal(A,B}+CHs
* Corresopnding author. Fax:44-1223-336362. under beam-gas conditions and report an electronic branch-
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ing ratio of r=Cal(A?IT)/Cal(B°x+)=1.35 for CatD5,) was 256 as were the number of background profiles before
and CafP;y) in both cases. subtraction and interfaced into a computer for data analysis.
Measurements of time-resolved atomic fluorescence andThe materials (Ca, 99%; He, 99.999%; gHAldrich) were
molecular chemiluminescence following the reaction of employed essentially as described in a previous investiga-
Ca(£P;)+CHzX (X=F, Cl, Br, ) [2-5] have been limited  tion [2].
to comparisons of the time-dependences of the atomic and The optical and detection system was calibrated both
molecular profiles into the A, Az;> and B states. These with respect to electronic gain and wavelength sensitivity.
indicate that CaX(Al‘Il/z,g/z, B2x*) arise from direct The gain G) for the PMT (E.M.1., 9797B) as a function
reaction rather than secondary processes involving elec-of voltage was taken from the commercial calibration ex-
tronic energy transfer and can thus be related to analogougpressed in the form 16=8.7 InV—54.4 whereG is in arbi-
studies on energy distribution in molecular beams. This is trary units andv in volts [24]. The wavelength response of
contrast to analogous measurements in the time-domainthe photomultiplier-grating combination which employed a
on the reactions SrfP;) [20-23], 1.807eV above the ‘Minichrom’ monochromator (MC1-02-10288, Fastie—Ebert
552(1S) ground state, where branching ratios were also mounting) was calibrated against a ‘xenophot’ lamp that
reported. In this paper we describe molecular electronic had, in turn, been calibrated against a spectral radiometer
branching ratio measurements yielding Caf(A,2.3/2) (International Light Inc., USA IL 783). This yielded two
following the reactions of Caf#;) with CHzF. In further peaks in the sensitivity response curve, one at ca. 460 nm and
contrast to the earlier time-dependent measurements orthe other at ca. 540 nm [20-23], representing the expected
Ca(4#P;)+CHsF [2], improvements in data capture and combination of the grating response for the monochroma-
subsequent computerised analysis has permitted optical restor and the maximum response for the PMT. For the pur-
olution of the chemiluminescence components for the two pose of comparing time-dependent profiles, the sensitivity
spin—orbit states, CaF[@&11,23/2)—X2Z*]. Chemilumi- calibrations were not necessary. They were, however, re-
nescence from CaF@E+t—X2%7), which is energetically  quired for the purpose of determining branching ratios into
accessible, was not observed as also found in the earlierthe specific electronic states where the atomic and molec-
time-dependent measurements [2], clearly on account of theular emissions needed to be placed on a common relative
particularly low branching ratio into this state. The results scale. In contrast to the previous time-resolved investigation
are compared with related results for reactions of €R% on CafP;)+CHgsF using the largest pair of slits (6Q@n)
in molecular beams and branching ratio measurements forfor the monochromator [2], a smaller pair of slits (30®)
Sr(5°P;) with halides in the time-domain [20-23], partic- were employed in these measurements in order to increase
ularly the production of SrF(ml/z,:g/z, B2x*) from the the wavelength resolution for the recorded chemilumines-
reactions of Sr(3;) with CHsF [19]. cence profiles and thus to isolate the two very close-lying
spin—orbit components of CaF{A). Whilst the data cap-
ture system using the transient digitiser described above was
2. Experimental details more efficient than boxcar integration, with recording of the
complete emission profiles, the use of smaller slits, neces-
The general experimental arrangement for monitoring sary for optical isolation of the chemiluminescence of the
atomic resonance fluorescence and molecular chemilu-molecular spin—orbit components yielded significant noise
minescence in the time-domain following the reaction of in the molecular profiles, magnified when integrated. Nev-
Ca(4#P;) with CHzF is a combination of that described ertheless, it was possible to characterise the molecular elec-
hitherto for this atomic state [2—5] together with that used tronic branching ratios on reaction of CaR4)+CHzF.
for the study of Sr(®;) and leading to molecular elec-
tronic branching ratios [20-23]. Ca[4s4p{)] was gener-
ated by the pulsed dye-laser excitation (10 Hz) of calcium
vapour at elevated temperatufB=940K) at1=657.3nm 3. Results and discussion
{Ca[4s4ptP;)] < Ca[48(*Sp)]} in the presence of methyl
fluoride and excess helium buffer gas. Atomic emission 3.1. Time dependence of the atomic fluorescence,
at the resonance wavelength and molecular chemilumines-Ca[4s4pfP;)— 452(1So)], and the molecular
cence from the states CaFRH1/2,3/2, B2+ —X251)] chemiluminescence, CaF{H1/2, A2T3/2— X2 1)
were then monitored using the standard combination of a
small monochromator and a photomultiplier under identi- An example of the digitised output showing the
cal chemical conditions. By contrast with earlier studies time-resolved variation of the intensity of the atomic flu-
on CafP,) using boxcar integration [2-5], atomic and orescence emission{Ca[4s4ptP;)]—Ca[4S(*Sp)]} at
molecular emission profiles were recorded by data capturer=657.3 nm following pulsed dye-laser excitation of cal-
of the complete profiles for each individual decay using cium vapour atT=940K in the presence of G3f and
a two-channel transient digitiser (Digital Storage Adapter, excess helium buffer gas is shown in Fig. 1a The first-order
Thurlby DSA 524). The number of decay profile averaged decay profile constructed from this exponential plot is given
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Fig. 1. Examples of the digitised output indicating the exponential decay profiles for the time-resolved atomic fluorescence emission and #re molecul
chemiluminescence following the pulsed dye-laser excitation of calcium vapour at the resonance way€lafghptP;)] < Ca[4s2{Sp)], A=657.3 nn}

in the presence of C4F and excess helium buffer gas at elevated temperafu840 K. [CHsF]=1.5x10'® molecules cm?®, protamithHe=60 Torr. (a)
Ca[4s4ptPy)]—Cal4€(*Sp)], 1=657.3nm; (b) CaF(All;,—X2T*, Av=0 606 nm); (c) CaF(Allz/»—X?%+, Av=0 603 nm).

in Fig. 2a though the first-order decay coefficiekif,is de- the total collisional removal of C3P;) by CHsF. The term

termined from computerised fitting of the raw data in Fig. involving ) kg describes collisional quenching of Cry()

la. Boltzmann equilibrium within the three spin—orbit lev- principally by ground state calcium atoms.

els of CafPy 1) is rapidly established on the time scales  The true concentration of G molecules in the excita-

of the present measurements by collisions with helium gastion region of the reactor is unknown due to the loss of this

[25,26], in fact, this is further facilitated by the presence of species by reaction with gaseous ground statéSghatoms

a molecular reactant such as ¢/ The first-order decay [27] before entry into the region of optical laser excitation.

of Ca(£Py) in the presence of C4fF (Fig. 2a) can thus be  However, the determination of the mechanism of this reac-

expressed as tion system and the branching ratios relies on comparisons
3 3 , between the first-order decay coefficients of the atomic and

[CaCPy)]r = [CaCPp)]i—o eXp(—k'1) @) molecular emission profiles under identical conditions. The

The first-order decay coefficierdt, may sensibly be given absolute concentration of GH is not required. Characteri-

by the expression: sation of the branching ratios depends on a monotonic vari-
ation ofk’ and [CHF] which is established (see later). This
r Apm n B is parameterised using the fraction of the initial [CHF]
(1+1/K1+K2)  pHe entering the excitation zone which, within experimental er-
1 ror, is a constant in these measurements (see later). At con-
+ Z kQlCa("So). Hel+ kre[CHF] &) stant total pressure, fixed temperature and fixed laser pulse
where symbols have their usual meanidg,, (=1/r¢) is output, Eg. (2) may be simplified as

the Einstein coefficient for emission from GR{), K1 and
K, represent equilibrium constants connecting Rge and
3p, states, and théP; and3P, states, readily calculated by where K is a constant. Fig. 3 shows the variation ksf
statistical thermodynamics at a given temperature, and thewith [CH3F] (initial) but this cannot be used to determine
term in B8 describes diffusional loss out of the region optical an accurate value of the rate constant for the reaction of
observationkg is the absolute second-order rate constant for Ca@P;) with CHgzF for the reasons given. For estimating

k' = K + kre[CH3F] 3
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Fig. 2. Examples of the computerised fitting indicating the first-order decay profiles of the time-resolved atomic fluorescence emission andl#iie molecu
chemiluminescence following the pulsed dye-laser excitation of calcium vapour at the resonance way€lafshptP;)] < Ca[4€(*Sp)], A=657.3 nn}

in the presence of C4fF and excess helium buffer gas at elevated temperafur840 K. [CHzF]=1.5x 10'% molecules cm3, ProtawithHe=60 Torr. (a)
Ca[4s4ptPy)]— Ca[4s2tSo)], »=657.3nm;(b) CaF(All12—X2E+, Av=0.606 nm); (c) CaF(Allz;—X?T*, Av=0.603 nm).
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Fig. 3. Variation of the pseudo first-order rate coefficigrigss, for the
decay of Ca(2P;) in the presence of C4F at elevated temperature fol-
lowing pulsed dye-laser excitation of calcium vapour at the resonance
wavelength{ Ca[4s4ptP;)] < Ca[4s2tSo)], »=657.3 nn} at elevated tem-
perature. T=940 K. protawithHe=60 Torr.

Fig. 4. Comparison of the first-order rate coefficients for the time-resolved
molecular chemiluminescence from CaF{#y232—X?2Z") and the
time-resolved atomic fluorescence emission from @@(fat \=657.3 nm
following the pulsed dye-laser excitation of calcium vapour at the res-
onance wavelengtfCa[4s4ptP;)] «—Ca[4s2tS)], A=657.3nn} in the
presence of varying concentrations of £fHand excess helium buffer gas

branching ratios into the A1, ,, and AI13,, states of CaF at elevated temperaturg=940 K. protaithe=60 TorT.

this monotonic variation ok’ with [CH3F] is the principal
requirement.

Fig. 1b gives an example of the digitised output for the Ca<3P,) + CH3F — CaF(X22+) + CHs
chemiluminescence emission from CaF(# —X?% 7,
Av=0, A=606nm) under identical conditions to those
given for the atomic emission from Ca[4s3p()] and Fig.
2b, the associated computerised first-order decay profile. Ca(3PJ> + CHsF — CaF(AZI'Il/z) + CH3
Analogous plots are given in Fig. 2¢c and 3c for the chemilu- 1
minescence arising from the close-lying g, state [28] AH = —44.2kJmol"
at A=603nm (Av=0). Chemiluminescence measurements
are essentially restricted tav=0 sequences for tr_le A-X _ Ca<3P1> + CHsF — CaF(AZHS/Z) +CHs
system. Franck—Condon factors described hitherto in
measurements restricted to time-resolved chemilumines- AH = —43.4kJmol?
ceénce ;neasurements on the unresolved spin—orbit pair [2]
ATI-X4X 7" indicate that the intensity is mostly located 3 2
in the (0,0) transition f(0,0)=0.97882, f(0,1)=0.02116) Ca(*Py) + CHoF — CaF(B°5") + CHs
[28—-30]. More detailed measurements have recently been Ag — —16.0 kJ mor?
described by Field et al. on the CaF(A—X) system [31] where
the interatomic distances indicate that intensity will be (DJ[CaF(Xx*)]=5.506£0.09eV [33]; [Pog[CH3F]=
concentrated in the\v=0 sequencerg/nm: A2I1, 0.1937;  472kJImot? [34]; we(A1/2)=586.8 cnTL, we(A3/2)=593.4
X2+, 0.1955). Fig. 4 shows the correlation between the cm1, we(B)=566.1cnrl, [32]). These molecular states
first-order decay coefficients for the; A 3,,—X emissions cannot be generated by electronic energy transfer between
and those for the atomic emissions taken under identical Ca@P;) (1.888 eV, [1]) and ground state CaFX+, v/=0)
conditions. The slope of the fitting is found to be 1.0, unity resulting from the overall reaction. Some level of vibrational
within experimental error, large on account of the necessity excitation in CaF(&I11,2, V'<6; A2llz/,, V'<5) and also
of using small slits to resolve the spin—orbit components of CaF(E*X ", v'<2) is energetically possible on initial reac-
the weak emission from the molecular state. Thestror is tion. Chemiluminescence from the?Bt-X?x+ system
considered to be ca. 10% for the slope as the plot is placedof CaF( (0,0), 531 nm), however, was not observed from
through the origin which is a physically realistic point. t may which it may be concluded that the branching ratio into
therefore be concluded that the atomic and molecular decaythe B state is very low, consistent with the observed low
profiles are exponential in character and characterised bybranching ratios into the lower lying 4 and Ag/; states.
equal first-order decay coefficients following the direct reac-
tion CafP,)+CHsF— CaF(AI1, X22+)+CHs (see later).  3.2. Molecular electronic branching ratios

The ATly; (2.044eV), ATl (2.053eV) and Bx+
(2.336 eV) states of CaF [32] are energetically accessible on  Molecular electronic branching ratios into Cak(A
collision of CafP,) with CH3F. A3/2) from the reaction C&p;)+CHsF may be determined

AH = —2414kJmol !
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using measurements of the integrated atomic and molec- 12
ular intensities derived from the recorded decay profiles. 10 i
The appropriate rate equations are presented here without
immediate correction for the response of the optical sys-
tem at different wavelengths and the electronic gain of the
photomultiplier at different operating voltages but these
corrections are included when using the final values of the
integrated intensities. The first-order decay coefficient for 1 2 3 4
[CaCP;,)], K, following Eq. (1) has been given in Egs. (2)
and (3). Noting that atomic emission only arises essentially
from one spin—orbit levePPy, in the CafP;) manifold [35],

Lu1/2/Tes2(107%)

[\ I e N o]

[CH4F]/10"cm™

the atomic emission intensity is given by the form [2-5]: ~ 107 (b)

3 Anm 3 / IS 8 i
lem("P) = F [CaC°P,)]i=0 eXp(—k'H)A (4) =

{N 6
where A,,,=1/te for CafPi-1S) and F=(1+1/K1+K>) 3 4]
[1-4]. The integrated atomic intensity is then given by B
2 ;
Anm[CaCPy)]i=0 2 3 4

3
ICPy) = 5)
k'F [CHoF]/10"cm™

2The short mear_l radiative “f_etl_mes of Caliqu‘l/z' Fig. 5. Variation of the integrated intensity ratios of the molecu-
A“Ilg/2), characterised by Dagdigian et al. [36e(ns: lar chemiluminescence emissions to the atomic fluorescence emission
ATy, 21.9+4.0, A’Tl3/, 18.4+4.1), clearly permit the — Ca(#Pi—~4'Sy) (\=657.3nm) for (a) CaF(AMly,—X?%*, Av=0,
concentrations of the #, and Ag/, states to be placed *=606nm) and (b) CaF(A132—>X?5*, Av=0, =603 nm) as a func-
in steady state foIIowing their direct pI’OdUCtiOI’I within t!on of the _concentratlon of C4fF following the pulsed dye—Iaser‘excna—

h . | | d i h . L. tion of calcium vapour at the resonance wavelengt#g57.3 nm) in the
the time-scales employe m_ the present mve_stlgatlon. presence of excess helium buffer gas at elevated temperafur84Q K,
In the case of CaF(#;) resulting from the reaction of  prwinne=60 Torr).

CalP,)+CHsF, the steady state expression is given by

d[CaFA12)] 3 and (2)K versus [CHF] (Fig. 3), yields the branching ratio
B dr = ka[CaCPy)Je[CHF] for the formation of CaF(Al‘Il/z), namely,
4 —
whereA!, = 1/7/, for CaF(#Tl12). The molecular emis- "z =\ T slopg2)

sion intensity from CaF(4>—X) is thus readily given b
Y (Bo=X) ye Y wherera, ,=ki/kg, the rate of production of CaFfAl,2)

Iem(Ar2 — X) = klg[CHgF][Ca(3PJ)],:o exp(—k't) (7) from the reaction of C&P;) by CHsF relative to the total
removal rate of C&@;,) by this molecule.

A.n has been characterised separately in this work
from measurements of atomic decay profiles similar
to that in Fig. la at different temperatures yielding
te=1/A,,,=0.36 ms, a value in very close accord with a wide
range of measurements obtained in the time-domain [15].
F=1+1/K1+K>=2.778 atT=940K, calculated by statisti-
cal thermodynamics. The branching ratio into Caﬁ([g/z)

k16[CH3F][CaCP))]i—o can be calculated on the same basis as forfiig, state
I(A12—X) = = (8) and thus the relevant plot for component (1) is given in
Fig. 5b. The branching ratios into the excited states ob-
Thus, from Egs (5) and (8), the ratio of the integrated molec- tajned in this investigation are found to be as follows;A
ular intensity for CaF(A/,—X), for example, to that of the (1.440.6)x1073; Az/2, (1.2+0.5)x 10-23. The errors quoted
(®P1—'So) atomic fluorescence emission is then given by here arise mainly arise from the errors of the slopes of the
I(A1j2—X) F plots in .Fig._5a and b Hi_gh_ accuracy is not clgimed for these
—IePy kie ( ) [CH3F] 9 slopes in view of the limitations, necessarily encountered
7
in the measurements of the integrated molecular intensities.

Hence, it may further be seen that the ratio of the slopes of Nevertheless, these branching ratios do constitute, to the

the plots of (1):I(A1/2—X)/I(3PJ) versus [CHF] (Fig. 5a) best of our knowledge, the first measurements of such prod-

where k; is the rate constant for the production of
CaF(Azl'Il/z). Thus, the equality of the exponential
time-dependences of the atomic emission (Eq. (4)) and the
molecular chemiluminescence (Eq. (7)) are in accord with
the production of CaF(%Hl/z) by direct reaction between
Ca(#P;) and CHF. Following Eqg. (7), the integrated
molecular intensity is given by

nm
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uct branching ratios for reactions of GR() with a halide
obtained in the time-domain, and particularly for measure-
ments of specific molecular spin—orbit states of C&#F(A
In fundamental terms, at the minimum level, branching ra-
tios could be rationalised in terms of the symmetry of the
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however, in this instance,{&ymmetry would not constitute
the least symmetrical complex for a five-atom intermediate.
The total yield,Y" (CaRAy)2. Azj2)) = 2.6 x 1073, can

only be compared with analogous data reported by Husain

et al. [20] for the reaction of Sré®;)+CHsF and found
to be ca. 7.91073 for SrF(Ay/2+A3,2). A branching ratio
for SIF(B*= 1) of 1.1x 104 was also reported in that work

[20]. In experimental terms, whilst comparable branching [15] D. Husain, G. Roberts
ratios are observed for the analogous states of SrF [20], ' \

measured atomic and molecular emission intensities will

[10] T. Kiang, R.N. Zare, J. Am. Chem. Soc. 102 (1980) 4024.
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391.
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Kinetics, Royal Society of Chemistry, London, 1989, p. 263.

be higher in that case on account of the higher initial den- [16] W.H. Breckenridge, H. Umemoto, Adv. Chem. Phys. 50 (1982)

sities of Sr(8P;) generated from laser excitation resulting
from the shorter mean radiative lifetime of Sti&) [20].
Finally, assuming that removal of G&()+CHsF proceeds
entirely by F-atom abstraction into CaFR(A, Az, X)

325.

[17] W.H. Breckenridge, in: A. Fontijn, M.A.A. Clyne (Eds.), Reactions

of Small Transient Species: Kinetics and Energetics, Academic Press,
London, 1983, p. 157.
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given no detection of B—X chemiluminescence and higher [19] J.M. Orea, A. Laplaza, C.A. Rinaldi, G. Tardajos, A. Gonzalez Urefia,

states of CaF not being energetically accessible, one may,

in turn, estimate an upper limit for the branching ratio into
the product ground state CaF{(X*) of ca. 99.7% in view
of the possible role of physical quenching of C3#4) by
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