Chermical Physics 15 (1976) 243-248
- '@ North-Holland Publishing Company

DETERMINATION OF DO {Bal) FROM THE CHEMILUWHNESCENT REACTION Ba + 12
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A study is made of the visible chemiluminescence resulting from the reaction of an atomic beam of bartum with I -
under single-collision conditions (~ 10~ torr). The resulting spectrum consists of the Bal C 21T ~ X 2= emission on top of
an underlying “continuum”. The variation of the Bal emission intensity with Ba and I, flux is investigated, and it is con-
cluded that the reaction is bimolecular. The total phenomenological cross section for barium atom removal is determined to
be 86 A2, which agrees well with the total reactive cross section calculated assuming an electron jump mehhanxsrn The short
wavelength cutoff is identified as the transition from the v’ = 41 level of the Bal C 2n3/2 state to the v” = 41 level of the
Bal X 2% state. A strict lower bound Do (Bal) > 102 # 0.7 kcal/mole for the ground state dissociation enesgy of Bal is ob--
tained from this short wavelength cutoff. The value DG (Bal) = 102 = 1 kcal/mole is recommended. where the error estimate

includes the possible contribution from the final relative translational energy of the products.

- 1. Introduction

The bond energy of Bal is not well known. Gaydon
{1], in his most recent compilation of bond energies,
regards the experimental data as too unreliable to per-
mit him to recommend a value for DO(BaI) The pre-
vious best estimate has been the ionic model calculation
of Krasnov and Karaseva [2] who give D (Bal) =
85 £ 15 kcal/mole. Most recently, Mims, Lin and Herm
[3] set a lower limit on D (Bal) of 66 kcal/mole from
their observed product angular distribution data for the
crossed beam reaction of Ba with HI. Chemiluminescent
reactions under single-collision conditions offer a new

eans of setting lower bounds to dissociation energies
[4—10]. A preliminary analysis by Gole [11] of the
Ba + IBr reaction yielded the bound D (Bal) = 97 keal/
mole. We report here a study of the chemiluminescent
reaction Ba + 1;2, which has been undertaken to provide

a reliable estimate of the ground state Bal bond strength.

The determination of thermodynamic properties for
high-temperature species is always welcome because
_such data is sparce. The ‘ground state dissociation energy

_of Bal is needed because it permits one to calculate the ‘ '

Lenergeucs of gas-phase reaciions of Ba with 1od1ne- -

.contammg compounds Recently, there is Speclal mter-

est in the reaction systems Ba + HI [3,12]. Ba + CH, I
[13], and Ba + CH;1, [13], because the Bal reaction
product can be detected by laser-induced fluorescence.
This has motivated us to make a determination of

Dy (Bal).

2. Experimental

The beam apparatus, LABSTAR, has been previous-
ly described [8,9]. It consists of a water-cooled Astro-
oven (Astro Industries, Inc.) which resistively heatsa
cylindrical graphite tube containing a cylindrical graph-
ite crucible with an aperture of 0.1.cm in diameter.

The entire crucible-heater arrangement is surrounded

by three concentric tantalum heat shields. The barium .
(99.9% purity and obtained from Atomergic Chemetal
Co.) is heated until the vapor pressure inside the crucible
reaches 0.1 torr. Under these conditions, the beam flux’

in the reaction zone is estimated to be < 1016 atoms.

cm? s~1. The iodine (99.99% purity and obtained from
I.T. Baker Chemical Co. ) is heated inside a pyrex tube

i wrapped with nichrome wire connected to a Variac.
- The I, pressure is regulated with a teflon stopcock at-"
,;tache_d to the pyrex-tube. No provisions are madp to
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Fig; 1. TheBa+1, -chemiluminescent spectrum taken at a scan rate of 500 A/minand 5 A resolution. The Bal C?%1n1 — X?% emis-
sion occurs on top of the underly'ing' continuum. Ba emission lines are also present.

collimate the iodine beam, and it essentially fills the
entire reaction chamber (beam + gas arrangement). At .
low iodine pressures (10~3 to 104 torr) the chemilu-
minescent reaction is produced by single collisions.
The pressure is measured with an ionization gauge lo-
-cated near the reaction zone. However, the reactivity
of the iodine may affect the accuracy of the pressure
readings.
The chermlummescence is detected with a 1 meter
Interactive Technology Czemy_—-’[\lmer spectrometer
" operated in first order with a Bausch and Lomb 1200
groove/mm grating blazed at 5000 A. A cooled Cen- -
tronic S-20 photomultiplier is attached to the exit
slits of the spectrometer ‘The photomultiplier signal
~ serves as the input to a Keithley 417 fast picoammeter
whose output drives a Hewlett—Packard 7100B strip-
chart recorder. All spectra are uncorrected for the vari-
atl n of detector response with wavelength

3. Appearance of the spectra
Flg 1 shows a rap1d scan at 500. Almm and 5 A res-

olution of the- chemiluminescent- °pectrum for the reac-
tion of Ba with. 12 The spectrumi comnsists’ of the Bal*

'C2ﬂ3/2 1 /2—X Z* emission and an underlymg conti-: -

nuum as observed.in the beam-gas chemiluminescent .
. .spectra for other. Ba + X5 reactions [15,.16]. Fig. 2~
shows a slow scan at 10 A/min and 1 & resolution of

Athe short wavelength pomon of the Bal'C 2n3 ,2-x2z+‘ :

. ‘Baovenis 1220 K and the 15 pressure is 8 X 10"
. pressures below 2 X 10~
- change in the slope of the emission in this wavelength region.

band system. Sequential members of the vibrational
progression move in the direction of shorter wave-
lengths. The overlapping of rotational structure ob-
scures the clarity of the bandheads, which are more
prominent in the Ba + I, spectra obtained in the pre-
sence of argon at 4 torr [17]. However, the sharp cut-
off at the (41,41) transition can be identified. The
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Fig. 2. The short wavelength portion of the chemiluminescent
spectrum for the reaciion Ba + I; — Bal* + [ taken ata scan
rate of 10 A/min and 1 A resolution. The- temperatuxe of the
torr. Aty

torr, this cutoff appears as arapid -

At higher 1 pressures, the (41 41) transmon is rea(ﬂy identi-

) ned at the sharp cumﬂ




C.R. Dickson et al./Ground state dissociation energy of Bal -~ S 245

bandhead assigniments are based on the work of Patel
“and Shah [18]. At pressures of = 10~ torr to

1-X 1074 torr, the cutoff appears as a sharp change in

the slope of the emission in this wavelength region. It

is this sharp, short wavelength cutoff that is important

for the determination of the Bal dissociation energy.

It should be noted that this cutoff is not caused by pre- -

dissociation or pre-ionization in the excited state,
since higher (v', »") bands have been seen by Patel and
Shah in emission.

4. Reaction molecularity and kinetics

For a bimolecular reaction of barium with iodine
the chemiluminescent intensity will be proportional to
the concentration of both barium and iodine, i.c.,

1o [Bal [1,]. ¢))

The barium atom concentration is proportional to the
vapor presstre of barium inside the effusive oven.
With increasing oven temperature, the vapor pressure,
P, of the barium increases according to the Clausius—
Clapeyron relation

dInP/d(1/T) = —AH7/R, . @

where AH is the latent heat of vaporization at the
temperature T (taken to be the mean of the tempera-
ture range investigated). The iodine concentration is
proportional to the I, pressure in the scattering cham--
ber. Thus, the reaction molecularity is determined by
monitoring the chemiluminescent intensity as a func-
tion of oven temperature and I, pressure.
We have studied the chemiluminescent intensity at

a fixed oxidant pressure and at a fixed wavelength
when the oven temperature is varied. A typical plot of
the logarithm of the chemiluminescent intensity vs
the reciprocal of the oven temperature is presented in
fig. 3. We conclude from the linearity of the plot that

_ the reaction of barium with iodine is first order in the
barium flux. The slope of the straight line gives the

latent heat of vaporization for barium, provided the re-

“action rate does not change appreciably with velocity
(temperature). We obtain from an average of five meas-
urements in the temperature range 1100 to 1250 K

Ales =45 £ 3 keal/mole . ' 3)

This is in good agreement with the pub]jshed va]u@s of

1 ). L
90 . ~ 94 98
T (107%™

Fig. 3. A typical plot of the logarithm of the chemilumines-
cent intensity as a function of 1/7 at a fixed I3 pressure of

4 x 10~ torr and a fixed wavelength of 5380 A. The linear-
ity of the plot shows that the reaction Ba + I, —~ Bal* +.1is
first order in Ba flux. The slope indicates that the reaction
takes place with ground state Ba.

47 kcal/mole obtained by Parshina and Kortuneko [19]
and 46 kcal/mole obtained by Nesmeyanov [20].

~ The intensity of the chemiluminescence at a fixed
wavelength and fixed oven temperature is studied as a
function of iodine pressure. The linearity of the plot
given in fig. 4 also shows that the chemiluminescent in-
tensity is proportional to the iodine flux. Since the re-
action is first order in both the Ba and I, flux, the chemi-
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Fig. 4. A plot of the chemil\iminescent' intensity as a function
of I, pressure at a fixed Ba oven temperature of 1220 K and 2
fixed wavelength of $380 A. The linearity of this plot shows

that the reaction Ba + I — Bal* + L is first order-in I flux. " -
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n.mmescent reactlon proceeds by a snmple blmolec-
ula: mechamsm mvolvmg the collision of a ground
v state Ba atom with an I, molecule !
C At 1ugher 1odme pressure, the linear plot of ﬁg 4
: reaches a maximum at = 8 X 10~ torr and turns -
downward with increasing pressure (see ﬁg. 5). This
‘reflects the attenuation of the barium beam between
~the entrance port-of the reaction chamber and-the re-

action zone viewed by the spectrometer. If the chemi-

: lummescent_mtens;ty is assuined to obey a’
p exp(—op) relationship where p is the oxidant pres-
sure, an upper limit to the reaction cross section can

“be determined. The linear term in p describes the .
formation of excited state molecules and the expo-
nential term describes the atienuation of the barium
beam by the iodine. The attenuation parameter « in

~torr~1is related fo the total phenomenologlca! Cross
sectlcn for banum atom removal o, in .& by

@=133X10-13 lalkT, @)

where ! is the beam path length (4.5 cm) in the reac-
tion chamber from the port of entry to the reaction
~ Zone viewed by the spectrometer, k is Boltzmann’s
constant in'erg K~1, and T is the absolute temperature
(= 300 K for iodine). The constant 1.33 X 1013 has
units of dyne torr—! A2, The maximum in the plot of I
vs p occurs at .
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. 'l“lg 5 A plot of the chemdummescent mtensnty asa functlon
of hngher Is pressures ata fixed Ba oven tempexamrc of "

1220 K and a fixed wavelength of 5380 A. The; mammum oc- i
s mmed by the average thermal dlstnbutlon of the ground

':curs approx:mately ‘at- 8 X 10' torr N

. C' R Dtckson et al /Ground state dzssocwtwn energy of EaI

V‘Thus, the attenuation paraméter ceﬁ_be‘estimétedv_from ,
- the intensity maximum (~ 8 X 10~ torr); then a is de- -
“termined by eq. (4). The total phenomenological cross

section comprising all attenuation effects for the reac-
tion-of barium with iodine is 86 A2t should be noted
that any error in pressure caused by the reactivity of

_ iodine with the ionization gauge will be strongly re-

flected in this result, Hence, this upper bound to the
total reaction cross section should be regarded as a crude
estimate. . N

Assuming an electron jump mechanism, a crossover

tadius of 5.5 A can be calculated using 5.2 eV for the

ionization potential of Ba [21] and 2.6 eV for the ver-
tical electron affinity of 1, [2'7] This radius gives a
geometric cross section (nrc) of 94 A2 for the reaction
of Ba with 15, which agrees with the total cross section
determined above (86 A2). This upper bound to the to-
tal reaction cross section represents the production of
mostly ground state Bal molecules since the photon
yield reported at pressures of 4 torr of argon is less than
4% for the Ba + I, reaction [17].

5. Dissociation energy of Ral

For chemiluminescent reactions that proceed by a
bimolecular mechanism, it is possible to determine a
lower bound to the bond dissociation energy of the di-
atomic product. From the apphcatlon of energy balance
to the reaction

Ba(1Sp) + Lo (127) > Bal*(C M3p) + 1CPY)  (6)

" and neglectmc the final relative translatlonal eneigy,

the inequality

Dy(Bal) =Dy (IZ) + Eint (BaI) it J2)— — £l tans (1)

" provides a lower bound to DO (Bal). The average inter-

nal energies of 15 and Bal, £;,,(1,) and F; int(Bal), are .
measured from their lowest energy levels. The initial

~.relative translational energy, E} trans» i measured in the
.center-of-mass frame. The dissociation energy of Lis

taken to be 124409 + 1.1 cm“1 (35 571 +£0.003 -

~kcal/mole) [23].

The internal energy of the iodine mcludes both rota-
tional and vibrational contributions. The rotational
contribution is simply R7= 209 cm™~ 1. The vibration-

- al contribution to the internal energy of I, is deter-
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'state mbratlonal levels, i.e.,
Z, G(v)GXP{—[_G(?) G(O)]/kT} o
epl-lGo-connry - ©®

: Usmg the G (v) values for iodine [24] and summing to
v=4 (where the vibrational population decreases to
2% of that at v=0), the vibrational contribution to
Ej (1) is 222 cm™!. The total rotational and vibra-
tional contribution to the internal energy of 1, is-
Ejne(I5) =431 cm~! (1.23 keal/mole). -
The initial relative translational energy is estimated
from the expression [25]

El =2kT . C))

j E(u)

where
~ T(Ba) m(I;) + T(1,) m(Ba)
off ST @) Fm(Ba) (10)

Here T(Ba) = 1220 K, T(1;) = 300K, m(Ba) =
2.28 X 10722 g, and m(l,) = 4.22 X 10-22 g, yielding
Etr:ms = 2.67 kcal/mole.

The internal energy of Bal is found from the short
wavelength cutoff of the chemiluminescent spectrum,
the (41,41) band head of the C 2T, ~X 2E* transi-
tion. The internal energy of Bal can then be found
from either of the following expressions:

Ej (Bal) = Ty (Cll3p) + G'(41)-G'(0), an
and
Eint (Bal) = Egweo * G" (41)_6"(0) - (12)

Here G(v) and Ty have their traditional meanings
[26] and E,, is the energy corresponding to the
short wavelength cutoff. The calculational procedure
is illustrated in fig. 6. We use the molecular constants
for Bal based on the reanalysis [13] of the band head
positions of Patel and Shah [18]. For the C T/, state
we have T (*Ti3p) = 18 571.56 cm~!, w, =
158.153 cm™!:and w x, = 0.2748 cm™1, where the
vibrational dependence of the spin—orbit constant has
been incorporated into the effective vibrational con-
stant w;. For the X 2E* state we have cof = 152.299
cm~! and wx, = 0.2703 cm~!. Using these values in
eq- (10) and eq. (11), E;,,(Bal) is 24 582.6 cm™ V'
(70.29 keal/mole) and 24 585.2 cm~1 (70.29 .<ca1/
mole), respectively. .

The dissociation energy of BaI is now detemunea
from & €q- (6) to be

v=4] =41

2 sl ,
c,,. G'(4N-~G(0)
ESICO
V=41
G411~ G0} X22+

Fig. 6. The determination of Ejp;(Bal) is accomplished by (a)
using the short wavelength cutoff Es\vco or (b) using the Tgeo
value of the Bal C 21'13/2 state. The exact transition which
populates the i:ighest vibrational level in the excited state, in
this case the (41,41) transition, must be known for both
methods.

D{(Bal)>102.0 £ 0.7 keal/mole . (13}

The initial relative translational energy distribution for
the Ba + I, reaction in a beam-gas arrangement is ex- -
pected to have a broad distribution. This larpe spread

is the main source of error in determining D% (Bal).
Care must be taken since collisions with Ba atoms
having large £, may be the mechanism for popu-
lating the highest observed Bal internal states. An esti-
mate of the error associated with £}, is + 0.6 keal/
mole. Similarly, higher vibrational levels in ground state
I, may be responsible for populating the highest Bal
internal states. A very conservative estimate of this er-
ror is + 0.3 kcal/mole. The uncertainty in the determi-
nation of Ejp, (Bal) is only + 0.05 kcal/mole and that
for Dy (1,) is only * 0.003 kcal/mole. The final error
estimate assumes that all the above errors are mdepen—
dent. -
The vahie for Dy (Bal) is a lower bound in eq. (13)
because the final relative translational energy of the ..
products EL 15 is neglected. Specifically, we need the

value of Ef__ that appliés to the products when Bal
is in its hxghest internal state. The next-higher vibra-
tional level, v” = 42, lies only 134 cm—! (0.38 keal/.
mole) abové v =41, yet it is not populated Since the
energy in this reaction is released early in the approach
. of the'reactants; it is reasonable that the partitioning -
- of the reaction energy does not' correspond to some
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-Hence, we suggest that the final relahve product trans-. .-

'»;atxonal energy of BaI(C ﬂ3/2, v'=41)and 1(2 P3/2) '
-is close to zero, on the average. Consequently, we take

DO(BaI) = 102 1 kcal/mole E o (14) '»i

as the ground state dlssocmtlon energy of the Bal mole-
7cuIe ‘where the error estimate reflects the poss;ble .
: conmbutxon of E,mns. . SEPERE
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