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A pulsed beam of.metastabIe’htoms traverses a scattering chamber fdled with osidanc gas at low pressures (beam + gas 
at-rangement); the resultiug chemiluminescence is spectroscopically resolved as e function of time to yield a time-of-flight 
(TOFjspectrum fordifferent internal-states. From this data, the initial relative translational energy distribution is derived 
for the reactants that populate the excited internal state observed. Lower bounds are placed on the barium halide (BaX) 
dissociation energies, using the reactions Ba (3D) + Xa -f BaX* + X, where X = Br, I,_ Arguments are presented to 
show that these lower bounds represent measurements of the true bond energies: it is concluded that Di(BaBr) = 85.8 f 2 
kcal/mole and 0: (BaI) = 72.9 * 2 kcal/mole. The present work corrects previous determinations of bond energies from 
single-collision chemiluminescent studies which were in error because of unrecognized metastable contamination in the 
hi&-temperature atomic beam. 

1. Introduction 

Bond energies are important quantities in chemis- 
try: they govern the energetics of ah chemical reac- 
tions. Accurate measurements of bond energies are 
therefore-essential to both the experimentalist and 
the theorist. Gaydon [I] has reviewed the trandition- 
al methods of determining bond energies: spectra- 
scopy, thermochemistry, and mass spectrometry. 
Each technique has its drawback. The Birge-Sponer 
spectrometric method requires an extrapolation into 
an unknown regime, thermochemical methods geder- 
ally suffer from a-“weak link in the thermochemical 
cycle,-and mass spectroscopic metliods may be biased 

.due to the internal excitation of the molecule affect- 
ing its ionization/fragmentation pattern. In recent 
years, molecular chemihrminescence under single- 
collision conditions has also been .used to determine 
bond energies*. It too, has suffered from an inherent 
uncertainty: the initial relative translational energy 
of collision partners could only be estimated: We pre- 
sent an improvement of the cherniluminescent meth- 
.od in this paper. 

has concentrated on reactions between ground state 
metal atoms and small polyatomic molecules. It is 
unfortunate, but unavoidable, that the high-tempera- 
ture metal atom sources employed in such studies 
produce a large spread in the initial translational ener- 
gy Eitis of the incident beam. Such a thermal ener- 
gy spread is transformed into an uncertainty in the 
bond energy. 

With the recent interest in the energetics and dy- 

-fn the past, much of the chemil@minescent work 

* A partial reference list includes refs. [2-4]_ 

namics of gas-Fhase reactions of barium with bromine 
and iodine containing compounds, e.g., Bat HBr [5] ~ 
Ba + HI [5,6], Ba+ CH31 [7], Ba + CH,I, [5], Ba + 
CF, I [8] , Ba f BrCN [9] , and Ba + CHi_i Br,, , n = 
l-4 [IO] i accurate determinations of the dissocia- 
tion energies of BaBr and BaI have become increasing- 
ly important. ‘To this end, we present here an investi- 
gation of the chemihrminescent reactions involving 
metastable barium atoms, Ba(3D), with the halogen 
molecules bromine, Bra, and iodine, 12. We describe 
an apparatus for time-of-flight chemiluminescent 
studies. Here a pulsed metastable barium beam tra- 
verses a scattering chamber filled with oxidant gas at 
low pressures. A spectrometer views the chernilumi- 
nescence at a fiied distance from where the meta- 
stable barium atoms are formed_ The spectrometer sig- 
nal as a function of time constitutes the time-of-flight 
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spect&. We derive from this spectrum the “actual” 
distrlbutioti of Eiw, that is used to set a lower 
bound to the unknown bond energy. 

.2. Experimental 

The apparatus used in this study, LABSTAR, has 
been described in detail elsewhere [ 111. We note 
here those modifications made in oven design to pro 

_duce metastable metal atoms. 
The oven assembly consists of a cylindrical graph- 

ite heater tube and crucible surrounded by concen- 
tric tantalum heat shields. Prior to this investigation, 
the crucible was positioned inside the heater by a 
small diameter graphite rod that was connected mech- 
anically and electrically to one end of the heater*. 
The orifice of the crucible (1 mm dia) was located 
midway between the ends of the heater tube &d di- 
rectly behind an exit aperture (I cm dia). In this con- 
figuration, however, discharges sporadically occur. 
The source of this problem appears to be a potential 
drop between the crucible aperture (at the potential 
of one end of the heater) and the heater tube exit 
aperture (at a potential of half the total voltage drop 
across the entire heater). Such discharges were previ- 
ously observed in our laboratory with this oven con- 
figuration in the study of the Pb + 0, [I l] and Pb + 
F2 [13] chemiluminescent reactions. Barium dis- 
charges have also been reported by Haberman [14] *_ 
In addition, it is evident that discharges were present 
but unrecognized in the study of the Eu + NO, [ 151 t 
and Ba f I, [16] reactions. The results of these latter 
two experiments are therefore invalid. 

Although there are numerous methods for gener- 
ating metastable barium [17-201, we have found 
that a simple modification to the above design ap- 
pears tp be quite efficient. Fig. 1 shows a cutaway 
view of the oven with these design changes. The cru- 
cible is supported from the center of the Iieater with 
a cylindrical section of graphite. This assembly forces 

l See fig. 2 of ref. [12]_ 
l We thank R.B. Bernstein for bringing this reference to our 

attention. 

We did not attempt to detect metastable barium 
in the voltage range prior to discharge onset. Orie ex- 
pects production of the metastable.3D levels before 
discharge onset by low energy electron Impact exci- 
tation through an electron exchange process*‘. It is 

well known that singlet-triplet (e.g., ISo +- 3D) exci-‘. 
tation cross sections peak at impact energies close to 
threshold (see, e.g., ref. [22]). Detection of these 

t The EU + NO2 reaction gave a bond energy th;t was higher * Electrons emitted from the heated surfaces are accelerated 
than the values determined from the reactions of Eu + NzO towards the grounded wire loop~inevitably encdtintering 
and Eu f 03; hence, the former determination was used as collisions witli the Ba atoms whose concentration is high in 
a lower bound. this region. 

ATING VOLTAGE 0RGNT) 

Fig. 1. Pulsed metastabie atom source. A few hundred am- 
peres pass through a graphite cylinder, slotted to increase the 
resistance. A cylindrical section of graphite inside.the heat& 
supports a graphite crucr%le containing the metal sampIe. This 
design essentially eliminates potential differences between the 
crucible and the exit aperture of the heater. 

the apertures in the crucible and heater tube to be 
nearly at the same potential. We place a grounded 
loop of stainless steel wire (1 mm dia) in close proxi- 

mity (x 3 mm) to the crucible. The ac heating source 
is free floating and biased negatively with respect to 
ground by applying a variable dc voltage. The oven 
operates at a temperature of 1070 K, corresponding 
to a barium vapor pressure within the crucibIe of 0.1 
torr. A W5%Re/W26%Re thermocouple or an optical 
pyrometer measures the oven temperature. The volt- 
age-current characteristics of the region between the 
exit aperture of the oven and the wire loop are simi- 
lar to those of a glow discharge tube (see, for example, 
ref. [2 1 ] )_ Once the discharge has been struck, several 
amperes of current flow through this region. 
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levels can be accomplished using laser-induced-fluores- 
cence (LIF) [20] and surface ionization [23]. The 
ID2 barium level is also metastable; however, emis- 
sion studies‘& barium discharges under beam condi- 
tions have shown that over 93% of the metastable 
population lies in the three fine structure levels of the 
3D term (3D3, 3D2, 3D1) [18]. Because of this, we 
limit our discussion of metastable barium to the 3D 
levels. Under the operating conditions given above 
and with no bias voltage, we estimate the flux of 
ground state Ba(lSu) atoms to be < 1Or6 atoms cme2 
s-l in the reaction zone. This oven design also pro- 
duces controlled discharges of Ca and Sr. 

figuration. A 1 m f5.6 Interactive Technology spec- 
trometer views the chemiluminescence perpendicular 
to the metal beam through a quartz window on the 
reaction chamber. The emission is focussed onto the 
entrance slit and detected at the exit slit by a cooled 
Centronic S-20 extended red photomultiplier tube. 
A picoammeter (Keithley model 417) amplifies the 
photomultipler current and drives a stripchart recorder. 

A separately pumped vacuum chamber houses the 
halogen source and reaction zone. The halogen gas 
enters the chamber through a small o&ice (heated to 
100°C for iodine to prevent clogging), while the pres- 
sure is regulated outside the chamber using both a 
constant temperature bath and a teflon stopcock. 
The halogen beam is uncollimated and it essentially 
ftis the entire reaction chamber (beam + gas arrange- 
ment). Single-collision conditions are maintained 
using low halogen pressures ( 10m5 to lo4 torr). 

Fig. 2 shows the experimental arrangement for re- 
cording digitally the time-of-flight (TOF) dependence 
of the chemiluminescence. A narrow slit (= 2.5 mm) 
at the reaction zone defines the viewing region and 
flight path distance L (13.6 cm). Since the excited 
states of BaBr and BaI are so short-lived (< 18 ns) 
[24], only chemiluminescence originating from reac- 
tive collisions within this region contribute to the 
TOF signal. We monitor the dependence of the reac- 
tion cross section on metastable barium velocity and 
hence initial translational energy. 

We use two methods of data collection: analog and 
digital reccrding. We describe first the analog con- 

A pulse generator (Systron Donner model IOOA) 
provides synchronization for the experiment_ At time 
t = 0, a square pulse of width, rr, from the generator 
triggers a negative voltage pulse of the same width 
from a separate power supply. This negative voltage 
pulse is applied to the oven (see fig. l), thereby ini- 
tiating a discharge and creating metastables. The same 
timing pulse triggers a scan delay generator (Keithley 
model 882). At a preset time, T, thz flight time, the 
delay generator puts out a pulse of variable width, 72. 
to provide a gating signal for a counter (Ortec model 
772). The pulses from the photomultiplier tube are 
amplified, discriminated, and counted during the 
gated observation time, r2. The addition of a timer 
and a logical “and” gate allows counts to accumulate 
for a preset interval. The timing between t = 0 and 
r = T is calibrated to better than 1% using an oscillo- 
scope (Tektronix model 454), pulse generator and 
counter_ 

-t 
1 G";" ] 

Fig. 2. Schematic of the time-of-flight chemiiirminescence de- 
tection equipment. 

In practice the spectrometer isolates a particular 
emission wavelength, while counts accumulate for a 
10 s interval at a given flight time. The flight time is 
then changed randomly to another preset value. The 
preset flight times were chosen to have a random pat- 
tern. Often the measurements were repeated to check 
for beam stability. For the experiments reported 
here, the oven is modulated at a rate of I kHz with 
a metastable “on” time (rr ) of 50 ps and an observa- 
tion time (r2) of 5 ps. Unfortunately, the signal in- 
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Fig. 3. Low resolution chemiluminescent spectra taken at a 
scan rate of 50 nm/min and 0.5 nm resolution: (a) Ba (3D) + 
Brz; and (b) Ba (3D) + Is_ For comparison, a background 
spectrum (no Ba excitation) is given for both reactions. 

tensities at high optical resolution are too weak to al- 
low the flight time to be set while the emission spec- 
trum is recorded. This procedure provides an alter- 
nate method for dete rmining the translational energy 
dependence of the reaction processs. Further discus- 
sion of the TOF spectra and analysis is given in sec- 
tion 3.2. 

3. Results 

3.1. chemilicminesce&e spectra arId reaction 
molecriian~ty 

Fig. 3 shows the chemiluminescent spectra of the 
Ba(3D) t Br2 and Ba(3D) + 12 reactions, taken at a 
fast scan rate (50 nm/min) and at low resolution 

(0.5 II& Note the oneoff b&&r of thechemilmn-’ 
inescence with barium. excitation- in both spectra tlje 
emission originates from the C ?l%j,& 5-X 2F’ band 
system of .the corresponding barium halide. The Au = 
0 sequence dominates both spectra; however; small--. 
contributions to the signal from the Au =!I, -1 se- 
quences ,of the C.2R3,2 -,X ??Zc system tie:&0 evi- 
dent_ In addition, the Ba resonance line at 553.5 run, 
as well as other Ba lines are present,_ Radiation tra 

P 
- 

ping probably causes these atomic lines to appear?. 
Although not shownin fig. 3, an underlying continu- 
um is present as has been observed previously in other 
investigations of the Ba + X2 reactions [26-28]_ 

High resolution spectra (0.1 m-n).of the-BaBr and 
BaI Czl13,~ +X2x+ systems, taken at a slow scan 
rate (1 mu/mm) are presented in fig.4. Overlapping 
of the rotational structure obscures the clarity of the 
bandheads. BaBr bandhead assignments are based on 
the work of Cruse et al. [S] , BaI bandhead assign- 
ments on the work of Pate1 and Shah-[291 _ It is nec- 
essary to determine the highest vibrational level pop- 
ulated of the metal halide reaction product.in.order 
to evaluate the metal halide bond energy. From the 
spectra shown in fig. 4, as well as others, we find that 
the v’ = 32 level of the BaBr C 2113,2 state is the 
highest level populated in the Ba(3D) + Br2 reaction 
and the v’ = 40 level of the BaI C 2K13,2 state is the 
highest level in the Ba (SD) -I- I, reaction. 

For the bimolecular reaction of metastable barium 
and a halogen molecule, the chemiluminescence in- 
tensity, 1, is proportional to the concentration of both, 
I.e., 

I= [Ba(3D)1 [X21 - (1) 
The halogen concentration is proportional to the 
halogen pressure m-the scattering chamber; the meta- 
stable barium concentration is proportional to the 
vapor pressure, P, in the oven, assuming that a con- 

$A laser-induced-fluorescence experiment has been perform- 
ed in this _manner on the reaction of Al + ?i by Pasternack 
and Dagdigian 1251 at Johns Hopkins Uriiverslty. 

% Radiation trapping in the reaction zone, originating from 
theaischarge region, e.g., ‘Py + ‘So + ‘Pt --t ‘S, (the 
553.5 nm transition), raises the.possibility that the reaction 
proceeds through levels other.than metastable levels. How-. 
ever, it is unlikelythat such processes could produce the 
concentration of levels required to &count for-the large. 
cross section reactions observed. 
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Fig. 4. Higher resolution chemiluminescent spectra taken at a 
scan rate of 1 nmjmin and 0.1 run resolution: (a) Ba (3D> +Bra; 
and (b) Ba CD) + 11. For BaBr, the C~II~,~-X~Z+AU = 0 and 
Au ?: 1 sequences are shown. while for BaI the C*II,-X2 C+Au 
= 0 sequence is shown. 

stant fraction of the barium beam is converted by the 
discharge to metastable barium. With increasing oven 
temperature, P increases according to the Clausius- 
Clapeyron equation 

dlnP/d(l/T) =-&Iv/R, (2) 
where AH, is the latent heat of vaporization at the 
temperature T. (At the temperature we operate bari- 
um is a liquid.) Thus, the reaction molecularity is de- 
termined.by monitoring the chemiluminescent inten- 
sity as-a function of halogen pressure and oven tem- 
perature- 

P (X2 ) x IO-’ Tom 

Fig. 5. Plots of the chemiluminescent intensity as a function 
of halogen pressure at a fiied Ba oven temperature (1070 K). 
For BaBr. the chemiluminescence was monitored at 520.0 
nm and for BaI at 538.0 nm. The linearity of the plots shows 
that both reactions are first order in halogen concentration. 

Figs. 5 and 6 summarize the results of the experi- 
ments described above. Both reactions show first or- 
der dependence on halogen concentration. Plots of 
the logarithm of intensity versus the reciprocal of the 
oven temperature are also linear. The interpretation 
of the slope of these plots has been investigated by 
Freuss and Cole [30] _ However, they assume a max- 
weiiian distribution of velocities from an effusive 
source. It is our experience in this study and others 
[3 l] that ideal effusive sources are difficult to 

(117 OK) X IO+ 

Fig. 6. Plots of the logarithm of the chemiluminescent inten- 
tensity as a function of the reciprocal of the absolute tem- 
perature at a fixed halogen pressure (1 X lo4 torr) and a 
fired wavelength (520.0 nm for BaBr and 538.0 nm for BaI). 
The slope and linearity of the plots show that both reactions 
are first order in Ba (3D) concentration. 



-a&i&e. Titik-of-flight measurements of metal beams 
:using lasei-induced fkorescence support these conclw 
sions. [32] . Th&$ore, we limit our discussion of. 
tl&k plots t+ && linearity, from which we conclude 

.-that the ieactidn molecularity is first order in metal 
fhix; 

Sir&&e reaction is first order in both 5a(3D) 
and Xz, we conclude that these chemiluminescent 
reactions proceed via a simple bimolecular mechanism. 

With the metastable levels of barium having an ioniza- 
tion potential no greater than 4.09 eV*, one would 
expect these reactions to take place by a harpoon 
(electron jump) mechanism [34] as in the case of re- 
actions between alkalies and halogens*. Using the 
ionization potential given above and the electron af- 
fmities of 5r2 and 12 f, the covalent and ionic poten- 
tial surfaces are calculated to cross at an internuclear 
separation of 12 A and 9.8 A for BaBr and BaI respec- 
tively. These crossing radii correspond to very large 
cross sections: 452 A for 5a(3D) + Br2 and 302 A2 
for Ba(3D) + 12_ However, such large crossing radii 
indicate a probable breakdown in the electron jump 
mechanism. Nevertheless, we estimate the cross sec- 
tions to be 200-300 AZ_ A stripping mechanism 
where the exothermicity is released early in the ap- 
proach would account for the high internal excitation- 
of product_ No experimental determinations of the 
cross sections are made. 

EFFUSIVE 
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Fig. 7. Time-of-flight spectra: (a) Ba(3D) + Brz; and (b) 
BaC3D) + Iz_ The dashed curves are calcelated spectra for an 
effusive Ba source operating at the oven temperature (1070K). 

.3..2. TOF spa& and analysis 

Fig. 7 shows the chemiluminescence TOF spectra 
for the BaBr and BaI reactions. In both cases the 
spectrometer isolates a given portion of the C ‘iI3,2 + 
X 22;’ Au = 0 sequence with a 1 nm resolution. This 
resolution is insufficient to observe single (v’, u”) 
tiansitions. Therefore, these spectra represent the 
composite signals from several neighboring (u’, u”) 
transitio_ns_ The BaBr TOF spectrum for high vibra- 

f The ground state ionization potential of Ba is 5.21 eV, 
while the 3D3, 3D2, 3D1 levels lie respectively 1.19 eV, 
1.14 eV, and 1.12 eV higher. The upper iimit of the meta- 
stable ionization potential is therefore, 4.09 ev. See ref. [33]. 

* A partial reference list includes refs. [ 35]- 
7 The vertical electron affinities of Br2 and 12 are 2.87 eV and 

2.6 eV, respectively. See, ref. [36]. 

tional levels is centered at 5 17.5 nm (u’ = 25),-while 
the one for low vibrational levek is centered at 520.0 
nm (u’ = 8). The 1 nm optical resolutiofi translates 
into a resolution of = 8 vibrational levels for both 
BaBr spectra; For Bal, the TOF spectrum of the u’ = 
40 level is monitored at 532.0 nm at a rkolution of 
= 6 vibrational levels and the TOF spectrum of the 
u’ = 2 level is monitored at 538.0 run with the same 
vibrational level resolution. 

The theory of the “single disk” TOF method has 
been described in detail previously (see for example, 
refs. [37]). We follow the analysis and nomenclature 
of Gaily et al. [38] _ TOF signals ari derived from an 
assumed gaussian particle flux density 

I(u) F No3 exp [-(uYuo),2/& , 

where N Is a rkrnalllation constant and uo, ob- arc 
adjustable parameters; Using the experimental vari- 
ables previously defined, i.e., the. flight distance L,’ 
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beam %n” time TV, and. the observation time 72, the 
TOF sign+ is gvcn by 

-I+“) = j’. dr i”‘) f(u) du, 
0 q(t) 

where the limits of the second integral are 

(4) 

u1 (r) = L/( T + 72 - c), 

and 

(5) 

u,(t) = L/( T - t)_ (6) 

The u. and ob parameters are determined by fitting 
the observed TOF spectra to simulated TOF spectra. 
This fitting procedure is not a least squares analysis: 
instead, we match peak intensities and halfwidths. 
Fig. 7 also presents the generated TOF spectra for an 
effusive source at the oven operating temperature. 
Table 1 summarizes the values of u0 and ob used to 
make these fits. No correction is made in the analysis 
for the decay of the metastables during the flight 
time. Since the 3D IeveIs have lifetimes > 1 ms [23 J , 
we do not consider this a serious omission. 

In table 1, the higher vibrational levels of product 
corresponds to distributions centered about higher 
values of uo_ Since u. is a measure of the relative 
translational energy prior to collision, it is not sur- 
prising to fmd this correlation. 

Table 2 
Determinations of BaBr and BaI dissociation energies 

MoIecule Investigator 

Table 1 
TOF parameters in units of IO4 cm/s for I(v) =Nu3 
x exp[-(“-vo)z/og] 

Resolution “0 a) 

BaBr 8 -8 0.75 3.43 
.25 ==8 2.30 2.96 

BaI 2 =6 0.50 3.60 
40 -6 2.20 3.16 

a) Estimated uncertainty off 20%. 
b) Estimated uncertainty off 10%. 

4. BaBr and BaI bond energies 

The accurate determination of the bond energies 
of BaBr and BaI has eluded investigators for many 
years. Table 2 summarizes all known previous deter- 
minations. Generally, the values for each molecule 
f&II into two groups with i5-20 kcai/mole separating 
the respective averages. Previous chemiluminescent 
determinations [16,39J appear to have suffered from 
metastable barium contamination in tb.e beam since 
these values are in disagreement with the others by 
an amount approximately equal to the metastable ex- 
citation energy. 

In the present experiment, we consider the follow- 
ing reactions: 

Y 
0: (kcd/mole) 

BaBr Ktasnov and Karaseva [45] 
Gole [46] 
Gurvich et al. [47] 
Menzinger [39] 
Hildenbrand [42] 
Estler and Zare (this work) 

BaI Krasuov and Karaseva [45] 
Mims et al. (61 
Gale [46] 
Dickson et al. [16] 
Hildenbrand [43 1 
Fstler and Zare (this work) 

ionic model calculation 
chemihnninescence 
flame spectroscopy 
chemiluminescence 
mass spectrometry 
chemiluminescence 

loo.-+ 15 
> 99 
81.5 f 2.0 

104.6 f. 2 
85.5 f 2.2 
85.8 * 2 

ionic model calculation 85 f 15 
molecular beam scattering > 66 
chemiluminescence > 97 
chemiluminescence 102+1 
mass spectrometry 71.4 -c 1.0 
chemiluminescence 72.9 f 2 
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Ba(31i)+12(l(1~;)+ ~i&n;,,) + r(2P$,). 

Thti dissociation enerH for the barium halide mole- 
cule; I$(BaX), is defined as the energy required to 
separate the molecule in the lowest (u, J) energy level 
of the groundelectronic state into constituent atoms 
in their ldwest energy states. Thus, by applying ener- 
gy balance to the reactions given above, we obtain 
the equalicy 

D;(BaX) =D;(X2) +Eint(BaX) tEftnns 

- Ei,JBa) - ‘i,t(Xz)‘- Eimsy (7) 
where Eint(BaX), Ei,.,t(Ba), and I&(X?) are the in- 

ternal energies of the barium halide, the barium atom, 
and the halogen molecule respectively, and Eiti, and 

&llls are the initial and-final relative translational 
energies, measured in the center-of-mass frame. Be- 
cause we measure the highest internal energy state of 
the metal halide, it is important to understand that 

C-Jns and Ei _ are not the average values of the rela- 

tive translational energy before and after collision, 
but refer to the relative translational energy of colli- 
sion partners leading to the population of this product 
state. We have not determined EL in this experi- 
ment. The neglect of this term in eq. (7) does not 

-markedly affect the final determination, since we be- 
lieve that the Ef us corresponding to the highest in- 
ternal energy of product is nearly zero. This assump- 
tion is based in addition on the fact that the early 
downhill approach of the expected potential surface 
channels most of the exothermicity into the internal 
excitation of product rather than into post-collision 
relative translational energy [40] . Therefore, the 
omission of this term gives 

I$(BaX) 20:(X,) +Eti,(Bax) -J&,,(Ba) 

-&(X2) - Ei_. (8) 
This inequality provides a lower bound to the barium 
halide dissociation energy: moreover, we expect this 
lower bound to be an excellent approximation to the 
true value. 

4.j. Relative translational erlergy distributions ” 

Dagdigian et al.- [41] , have derived the initial rela- 

0.0; ’ t ’ ’ r ’ 2. 4 6 ’ 8 ’ IO 12 

TRANSLATIONAL ENERGY (kml~mole) 

Fig. 8. Initial relative translational energy distniutions for a 
“beam-gas” arrangement derived from the TOF spectra given 
in Iig_ 7; distniu,utions for high and low vibrational levels (a) 
of the BaBr product and (b) of the BaI product. The average 
energy %? is marked for each distribution. 

tive translational energy distribution for collision 
partners in a beam + gas arrangement. We extend 
their derivation to include a beam characterized by 
eq. (3) (see the appendix). 

Fig. 8 shows tbe.resvlting translational energy dis- 
tributio+ In each case, we evaluate the averrige ener- 
gy, E, numerically. The distributions are very wide: 
yet, the expected trend is apparent. The average trans- 

lational energy is greater for highei BaX vibrational 
levels. The large spread in the distributions becomes 
the main source of error in determinin g$$fW 
from eq. (8). In ‘the past, Ei_ has been estimated 
either assuming a head-on collisidn of react&s with 
their most probable velocities [3] or using a inass 
weighted effective temperature [ 161 with, 

(9) 
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-where, for example, 

. . T,-+= [f(Bajm(X2) + T(X$m(Ba)] 

._X [n$&m(B~)l-l.. (10) 
We have equated E’_ with the value of i? for the 
high vibrational energy distributions: This is much 
more satisfying since these distributions, within the 
context of qur velocity model [eq. (3)], represent 
the relative’ translati&ral energy distrilluti?ns for the 
hI&est~internaI states observed. 

Di(BaBr) = 85.8 + 2 kcal/mole, (II) 

4.2. Gzlculation of the dissociation energies 

The values of the terms in eq. (8) are listed in ta- 
ble 3 for both BaBr and BaI. Where appropriate, the 
various terms are evaluated using spectroscopic con- 
stants for the particular species. We find 

Table 3 
Energies (kcaljmole) used to calculate lower bound to 
D:(BtiX) 

BaBr 

45.44 a) 

- 

72.00 

27.44 c) 

1.30 total 
0.59 rotation d) 
0.71 vibration e) 

2.91 

35.57 b) 

69.90 

27.44 c) 

1.51 total 
0.74 rotation d) 
0.77 vibration c) 

3.59 

a! Ref. [48]. b) Ref. [49]. 
C) The 3D3 Ba level (highest energy fine structure component) 

has been used to provide a lower limit. 
d) RT. where T= 300K for Bra and T= 373 K for I2_ 
e) Average vatue caiculated using spectroscopic constants: for 

Br2, see ref. [SO] , and for 12, see ref.. [48]. 

and 

Di(BaI) = 72.9 + 2 kcal/mole. (12) 

We place an uncertainty off 2 k&/mole on the dis- 
sociation energies since the distributions of initial 
translational energy are so broad. The combined un- 
certainties of all the other quantities appearing in eq. 
(8) are less than * 2 kcal/mole. These dissociation 
energies are in good agreement with those recently 
measured by HiIdenbrand using mass spectrometric 
techniques [42,43]. 

5. Conclusions 

We have determined the dissociation energies, 
Dz(BaBr) and $(BaI), to be 85.8 + 2 kcal/mole and 
72.9 + 2 kcal/mole, respectively, using the technique 
of time-of-flight single-c&Iision chemiluminescence. 
We believe the methods employed in the present 
study will prove valuable in future bond energy de- 
terminations as well as in the investigations of the 
dynamics of chemiluminescent reactions. 
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App&dix: Initial relative translational energy distribution 

We have extended the derivation of Dagdigian et al. [41] for a beam characterized by eq. (3). 
Analogous to ref. [4i], we define the velocity density distributions of the collision partners as 

I’(‘,,); du, - 
_ 4~,,2,-&-I’2 

,, b ’ exp [-(u-uo)*/o~] dub (beam), (Al) 

and 



Nis a n&&liz&on constant. CaAying out an &lyiii shila~ to that iq i&f41 j 
the squared relati?e.velocity distribution, 

[ih+glieq;.(k8j]‘, we. obtain 
.:- 

_. -. 

X(jVbeXp[-(~+-$)V~-~(~~-~)Vb]dVb-~Vbex~ I-(~~~)V~.-*~~.~~jv~]d~~]~: 
‘0 - g b g b- g (A4). 

The two nearly identical integrals within the brackets are recognized as tabulated @I]. The final result is given .~ 
by 

P(v,‘) = N(~IT,$‘~)-~ exp (4:/s) exf (~$0;) \ 

X( [~-~~~,~n)“2exp(^l:j:)[I-ed(?l/u-1/2~1] -[~-~(~,~~1”e~p(7:W[I--erf(~2,~~i12~1]), 

where 
(A) 

“=(++-$-)’ T1.;ir-$), Tz=(-g$_ CL9 
g is 

This expression is related to the initial relative energy probability dist$ution by 

P(E) = (2/&> (A71 
where p is the reduced mass of the collision partners. We use (AS) and (AT) to plot the translation~~e&qy as- 
tributions shown in fig. 8. 
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