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Through application of energy-balance arguments to the crossed-beam reaction

Ba('S,) + HI(X 'S+ ) >Bal(X £ *) + H(3S,,, ), a lower limit for the Bal bond dissociation
energy is determined to be D (Bal) 2 76.8 + 1.7 kcal/mol (3.33 + 0.07 €V). Based on the
upper bound of D (Bal) S 78.5 + 0.5 kcal/mol, as determined from earlier predissociation
studies [M. A. Johnson, J. Allison, and R. N. Zare, J. Chem. Phys. 85, 5723 (1986) ], we
recommend a Bal bond strength of 77.7 + 2.0 kcal/mol (3.37 4+ 0.09 eV). This dissociation
energy is more than 5 kcal/mol higher than the previously accepted value of DJ (Bal) as

derived from mass spectrometric measurements.

I. INTRODUCTION

Bond strengths are traditionally determined from ther-
modynamic studies based either on the measurement of
equilibrium constant variations as a function of temperature
or on the application of Hess’ law to a closed cycle of chemi-
cal transformations.' An alternative method, which has met
with only meager success and has often led to quite mislead-
ing conclusions, entails extrapolation of spectroscopic data
to the asymptotic limit of bond dissociation.! With develop-
ments in molecular beam techniques and laser spectroscopy,
bond strengths deduced from the application of energy con-
servation criteria to the nascent products of isolated chemi-
cal reactions have become available.” Unfortunately, this
latter method has seldom been used effectively because of
difficulties involved in eliminating secondary processes
(e.g., collisional relaxation) and in providing well-defined
initial reaction conditions. However, when feasible, such en-
ergy-balance studies should result in bond strengths limited
in accuracy only by how well the spectroscopy and the recoil
energy of the product molecules are known.

In this paper, we report a new measurement for the bond
dissociation energy of Bal based on the reaction

Ba('S,) + HI(X 'S +)=Bal(X22*) + H(’S,,,),
(n

where all species are in their ground electronic states. Al-
though the main thrust of our research efforts has been eluci-
dation of the detailed relationship between reagent impact
parameters and final product states,® the value of DJ (Bal)
is of fundamental importance for the interpretation of dy-
namical processes exhibited by the Ba + HI reaction system.
The present investigation entailed formation of
Bal(X 2Z * ) under the well-defined, single-collision condi-
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tions afforded by crossed-beam techniques and subsequent
examination of internal state distributions in the nascent
product molecules via high-resolution laser-induced fluores-
cence (LIF) spectroscopy. Application of energy conserva-
tion arguments to our measurements enabled a lower bound
for the bond strength of Bal to be obtained.

Despite considerable efforts by numerous research
groups, the bond dissociation energy of Bal has remained a
matter of considerable speculation and contention. Early
calculations, based on variations of the Rittner ionic model,*
indicated a value of 85 + 15 kcal/mol.’ By analyzing Bal
product angular distributions arising from the effusive
crossed-beam reaction of Ba with HI, Mims, Lin, and Herm®
established a rigorous lower bound for D § (Bal) of 66 kcal/
mol. A subsequent study of chemiluminescence produced by
the formation of electronically excited Bal in the Ba + I’
reaction system suggested that the bond strength of Bal lies
in the vicinity of 100 kcal/mol. Unfortunately, the results
derived from this study must be disregarded due to probable
contamination of the presumed ground state barium source
by metastable Ba(®D) atoms.®

Kleinschmidt and Hildenbrand have applied the tech-
niques of mass spectrometry to the determination of Bal
dissociation energies.” Their study entailed the measure-
ment of equilibrium compositions for effusive beams con-
taining Bal molecules formed from the high-temperature
(1500-1900 K) reaction of BaO with HI. Careful analysis of
the resulting thermochemical data yielded DJ(Bal)

= 71.4 + 1.0kcal/mol, a value in good agreement with that
suggested by extrapolating experimental bond strengths
from the other barium monohalides.'®

Exploiting their ability to generate metastable barium
atoms, Estler and Zare® have reinvestigated the Ba + I, re-
action system so as to determine a new value for D9 (Bal).
Spectral dispersion of chemiluminescence from electronical-
ly excited Bal formed under single-collision beam-gas condi-
tions enabled the internal state distributions for nascent
product molecules to be examined. With the initial relative
translational energy of the reagents derived via a novel time-
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of-flight technique, these authors were able to apply energy
conservation criteria to yield a lower limit of 72.9 + 2 kcal/
mol for the bond strength of Bal. While not inconsistent
with the results reported by Kleinschmidt and
Hildenbrand,® this value of D3 (Bal) still seems to be some-
what low, given the wide distribution of Bal product states
observed in other beam-gas reactive studies.'"'?

In a recent study of Bal product state distributions re-
sulting from the beam-gas reaction of Ba('S,) with CF,I,
Johnson, Allison, and Zare'> have been able to establish a
purely spectroscopic upper bound for the bond dissociation
energy of Bal. Based on evidence for the onset of predissocia-
tion in the Bal C ?I1 excited electronic state, believed to be
induced by repulsive curves correlating to the same asymp-
totic separated-atom limit as the Bal X Z3 + ground state,
these authors have concluded that DJ(Bal) $78.5 + 0.5
kcal/mol. With almost 6 kcal/mol separating this rigorous
upper bound from the lower limit reported by Estler and
Zare,® a new, more accurate experimental measurement of
the bond strength for Bal would be most welcome. In partic-
ular, this wide range of possible values for D § (Bal) has been
a vexing problem for the detailed interpretation of reaction
dynamics in the Ba+ HL''*' Ba+ CH,L'>'* Ba

+ CH,1,,"? and Ba + CF,I'*'®!" systems.

The experimental scheme utilized for the present deter-
mination of DJ(Bal) has several distinct advantages over
those employed in previous studies. In particular, our use of
a crossed-beam reaction apparatus, in which “effusive”
Ba('S,) and supersonic HI(X '= * ) beams interacted un-
der single-collision conditions, enabled well-defined, con-
trollable distributions of relative reagent velocities to be pre-
pared while simultaneously ensuring that observed product
molecules were in an unrelaxed, nascent state. Compared to
more conventional bulk gas or beam-gas measurements, the
narrow spread in reactant translational energy afforded by
the crossed-beam technique greatly enhanced the reliability
and precision of energy balance arguments as applied to the
evaluation of D3 (Bal).

The LIF product detection scheme exploited in the pres-
ent work permits the partitioning of internal energy within
the Bal product to be precisely determined. Previous at-
tempts to determine D J(Bal) with optical spectroscopic
probes have relied on measurements made via low-resolu-
tion dispersed chemiluminescence,”® or through LIF excit-
ed by large-bandwidth pulsed lasers."? In contrast, our use of
a frequency- and power-stabilized, single-mode excitation
source enables identification of individual rovibronic transi-
tions within the exceptionally congested LIF spectrum of
Bal.'®!® From the viewpoint of D (Bal) measurements,
this high-resolution capability is essential for the observation
and assignment of spectral features corresponding to the
population of internal product states up to the limit imposed
by conservation of total available energy.

The following section provides a brief review of the ener-
gy-balance arguments required for determination of bond
strengths from the spectroscopic analysis of nascent product
molecules. A detailed description of experimental tech-
niques employed for investigation of the Ba + HI reaction
system will be subsequently presented. Finally, the results
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derived from our measurements will be discussed and com-
pared with the values for DJ(Bal) reported by previous
studies. A recommended value of the bond strength of Bal,
obtained from experimentally determined upper and lower
bounds for D (Bal), will be suggested.

Il. METHODOLOGY

The present determination of D (Bal) is based upon
the application of energy conservation principles to the
closed reaction system of Eq. (1). This required that the
total energy for the reagents

E. .. = E.(Ba—HI) + E,, (Ba) + E;, (HI) — D§(HD)
(2)
be equated to that of the products

Eprod - Erel (BaI - H) + Eim (H)
+ E;, (Bal) — Dg(Bal), (3)

where E,,, and E,,, denote the energy associated with trans-
lational and internal degrees of freedom, respectively. For
two interacting particles 4 + BC, the corresponding relative
translational energy in the center-of-mass frame
E_, (A — BC) can readily be expressed”® in terms of the ap-
propriate reduced mass p,_ 5 and relative velocity
U, (4 — BC), such that

E.4(4—BC)=}p,_pc[V(4—BC) ]2- 4

For diatomic molecules in their ground electronic states, the
internal energy E,, (BC) can be recast into a sum of rota-
tional and vibrational parts: E,, (BC) =E,,(BC)
+ E_, (BC). The incorporation of diatomic bond dissocia-
tion energies in Eqs. (2) and (3) ensures that values of E;,,
for the various reagents and products are measured with
respect to a common reference point (viz., the energy of
separated neutral atoms in their ground electronic states).

Equating expressions (2) and (3) and solving for
D{(Bal), one finds

D9(Bal) = D(HI) + E,,, (Bal) + E,, (H)
— E, (HI) + E,, (Bal — H)
— E.,(Ba—HI). (5)

The specific conditions employed for the present inves-
tigation of Bal dissociation energies permit several of the
terms in Eq. (5) to be justifiably neglected. In particular,
since the Ba + HI reaction system entails consumption and
production of neutral atomic species in their ground elec-
tronic states, one finds

E;, (Ba) = E;,, (H) = 0. (6)

The HI utilized for our reactive studies was prepared via a
well-characterized supersonic expansion that produced a
translationally cold beam of X 'S+ ground state reagent
molecules. While not explicitly determined, the effective
temperature for rotational and vibrational degrees of free-
domin HI(X 'S * ) must lie somewhere between the stagna-
tion temperature for the supersonic nozzle ( ~323 K) and
the experimentally measured translational temperature for
the beam ( £20 K), with values closer to the lower bound

— E_ . (Ba)
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being much more probable. For both of these limiting cases,
the large vibrational spacing associated with the HI X '3 +
potential surface (o, = 2309.01 cm ~ ' )?! requires the aver-
age vibrational energy E,,, (HI) to be essentially equal to
zero. In contrast, the rotational and centrifugal distortion
constants for the vibrationless level of the X ' * state (B,
=6.4264 cm~', D, =2.069X10~* cm~"')?! yield aver-
age rotational energies of £, (HI) = 638 cal/mol at 323 K
and E,,, (HI) = 33.4 cal/mol at 20 K. When compared to
the uncertainties for other quantities involved in the present
calculation, one is quite justified in setting E, (HI) ~0.
Consequently,

Eint(HI) =Evib(HI) +Em( (HI):O (7)

By incorporating Eqgs. (6) and (7) into our energy-bal-
ance arguments, a simplified expression for the dissociation
energy of Bal is obtained:

DS (Bal) = DY(HI) + E,, (Bal) + E,,, (Bal — H)
— E, (Ba — HI). (8)

The experimental results derived from the present study pro-
vide a direct measure for E,,, (Bal) and E,,, (Ba — HI), but
yield no explicit information on E_,, (Bal — H). While the
value of the product translational energy is expected to be
both small*? and constant'*?* in the Ba + HI reaction sys-
tem, the lack of any detailed knowledge for E.; (Bal — H)
proves to be the weakest link in the ensuing analysis. This
difficulty can be partially mitigated by experimentally locat-
ing the most energetic quantum state populated in the nas-
cent Bal product and assuming that the internal energy for
this limiting case E [n:*(Bal) corresponds to a minimal parti-
tioning of available energy into product recoil [i.e.,
E ,(Bal —H)=0 when the internal energy equals
E 33" (Bal) ]. The expression for D 9 (Bal) can now be refor-

mulated to give

DY (Bal) 2 D3(HI) + E™=(Bal) — E,, (Ba — HI).

(9)

The present measurements therefore provide a lower limit
for the value of D3 (Bal). Note that the maximum internal
energy content E 17 (Bal) can be obtained in various ways
depending on the differential partitioning of energy between
rotational and vibrational degrees of freedom in the nascent

Bal product.

IN. EXPERIMENTAL
A. Overview

Figures 1 and 2 schematically illustrate the apparatus
utilized in the present study. In brief, all experiments were
performed with a newly constructed crossed-beam reaction
chamber, in which “effusive” barium and supersonic hydro-
gen iodide beams intersect at 90°. Extensive use of differen-
tial pumping ensured that high-vacuum, single-collision
conditions were maintained in the interaction region. A
slightly supersonic beam of Ba('S,) was produced by colli-
mating the output of a radiatively heated crucible containing
barium metal. The HI(X 'Z * ) reagent was prepared via a
skimmed and collimated supersonic expansion in various
carrier gases. Changes in the nature of the carrier gas and/or
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1 Quadrupole Mass
Spectrameter

FIG. 1. A schematic diagram of the crossed-beam reaction apparatus em-
ployed for the measurement of Dg (Bal). “Effusive” Ba('S,) and super-
sonic HI(X 'S * ) beams intersect at 90° geometry to produce Bal product
molecules under well-defined, single-collision conditions.

the concentration of HI enabled the relative collision energy
in the center-of-mass frame to be varied readily from roughly
0.110 0.6 €V. Reagent velocities were directly measured by
means of high-resolution Doppler spectroscopy in the case
of Ba('S,) and through time-of-flight (TOF) mass spec-
trometry in the case of HI(X != * ). Rotational and vibra-
tional state distributions for the nascent Bal product were
deduced from high-resolution LIF spectra excited and mon-
itored through the Bal C’[I-X 23 * transition at 550 nm.

The ensuing discussion provides a more comprehensive
description for the key components of our experiment. Par-
ticular attention is directed toward the new crossed-beam
reaction vessel, a high-vacuum apparatus designed specifi-
cally to generate, control, and characterize two well-colli-
mated, high-flux sources of reagent particles. Unless other-
wise stated, all reported chamber pressures were measured
at ambient temperatures with uncalibrated ionization
gauges.

B. Main scattering chamber

The main scattering chamber consisted of an 18 in. di-
ameter stainless steel cylinder with o-ring sealed flanges pro-
viding for vacuum integrity at the upper and lower surfaces
(see Fig. 1). Background pressures of ~5x 102 Torr were
achieved by evacuating the vessel with a liquid-nitrogen-baf-
fled 6 in. diffusion pump (Varian VHS-6). This pumping
system was mounted directly onto an 11 in. ASA tee piece
that served to connect the main chamber to a differentially
pumped quadrupole mass spectrometer utilized for HI beam
analysis. A liquid-nitrogen trap located within the scattering
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region provided additional pumping speed for condensable
reagent gases (e.g., HI). This configuration enabled the
pressure to be maintained in the high 10~7 to low 10~° Torr
range under normal operating conditions.

The Ba('S,) and HI(X '=* ) sources were each colli-
mated to yield beams of circular cross section that exhibited
a nominal diameter of 1.0 cm at their point of mutual inter-
section (i.e., at the center of the main scattering chamber).
Product molecules formed within the 0.67 cm? interaction
volume were probed directly by means of a high-resolution
laser that entered and exited through baffled arms situated
on the top and bottom flanges of the scattering vessel. The
resulting LIF signal was observed in an orthogonal plane
through use of an optical assembly recessed into one of sever-
al metal gasket-sealed ports located about the periphery of
the cylindrical main chamber.

C. Hl reagent source

The HI supersonic nozzle consisted of a 100 zm diame-
ter tantalum aperture (Ted Pella, Inc.) that had been care-
fully welded onto a length of tantalum tubing. Where possi-
ble, tantalum was selected as the material of choice for
construction because of its superior resistance to corrosion
by hydrogen halides.** The source assembly was designed to
permit three-dimensional translation, from outside the
vacuum, with respect to the 0.98 mm diameter orifice of a
molecular beam skimmer (Beam Dynamics). The nozzle
was typically heated to 50 °C by means of thermocoax (Am-
perex) tightly wrapped about the final 8 cm portion of its tip.
Stagnation temperatures were regulated to 4+ 1°Cthrougha
microprocessor-based controller (Omega) that utilized a
metal-clad thermocouple, inserted directly into the nozzle
tube, as a feedback sensor.

The chamber housing the supersonic HI source was
evacuated by a water-baffled 10 in. diffusion pump (Varian
VHS-10) that was backed by a two-stage mechanical pump
(Sargent-Welch 1398). Liquid-nitrogen-filled cold traps
were incorporated into all vacuum forelines so as to prevent

J. Chem. Phys., Vol. 93, No.

the contamination and subsequent deterioration of mechani-
cal pump fluid by the highly corrosive HI reagent. Once
skimmed, the HI beam propagated through a buffer region,
pumped by a water-baffled 4 in. diffusion pump (CVC
PMCS-4B), which provided for differential pumping
between the source and main scattering chambers. This dif-
ferentially pumped region also contained a mechanical
chopper that could be rotated into the beam for both TOF
velocity measurements and, when desired, lock-in detection
of Bal laser-induced fluorescence signal (i.e., based on
phase-sensitive demodulation of the chopped Ba + HI reac-
tion yield). Collimation of the HI source to its final half-
angle of 1.18° was performed by a circular aperture located
on the exit face of the buffer chamber. Typical background
pressures were in the mid-10~® Torr range. Under operat-
ing conditions appropriate for a mixture of 6% HI in N,, the
source and buffer chamber pressures increased to roughly
10~* and 10~ 3 Torr, respectively, while pressures in the
main scattering vessel remained in the high 10-7-10"¢
Torr scale.

Sample gas manipulations for the HI source were per-
formed entirely in a custom stainless steel and tantalum
manifold. This apparatus, continuously maintained at low
pressures through use of a liquid-nitrogen- and molecular-
sieve-trapped mechanical pump, was thoroughly baked out
(at ~150°C) prior to each experiment. Hydrogen iodide
was obtained commercially (Matheson) with 98% mini-
mum purity and subjected to several freeze—pump—thaw cy-
cles with liquid nitrogen so as to remove residual H,. The
temperature of the HI vessel was subsequently maintained at
0 °C, in order to condense the I, contaminant, while a prese-
lected quantity of hydrogen iodide vapor was permitted to
enter a one-gallon reservoir (Whitey). Nitrogen (Liquid
Carbonic; 99.998%) and/or helium (Liquid Carbonic;
99.995% ) was then admitted to the manifold so as to pre-
pare the desired seed-to-carrier concentration ratio (typical-
ly 6% HI). The long duration of individual experimental
runs performed during the present study ( ~ 18 h), in con-
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junction with the continuous nature of our supersonic
source, required the limited volume of the reservoir to be
filled to total pressures as high as 1000 psig. With the reser-
voir sealed off from the rest of the manifold, the enclosed gas
sample was vigorously mixed through use of a magnetically
coupled, teflon-coated stirring bar. The HI mixture subse-
quently passed through tandem single-stage regulators
(Matheson), designed to maintain a preset stagnation pres-
sure (typically ~250 kPa absolute), and a 15 ym high-flow,
in-line filter (Nupro) before entering the tantalum tube of
the nozzle assembly.

The source configuration had a total distance from noz-
zle orifice to interaction region of approximately 20 cm and
produced a flux of roughly 10" particles cm =% s = ' as mea-
sured for a pure beam of N,. Mass spectrometric analysis of
the HI-seeded beam revealed no significant concentration of
HI dimers, regardless of variations in either the ionization
current (0-20 mA) or the electron bombardment energy
(3-100 eV) employed for creation of the measured ion sig-
nal. Possible contamination of the HI source with residual 1,
was examined through the use of high-resolution LIF spec-
troscopy. No evidence for this impurity was found, despite
spectral searches performed over a wide range of rovibronic
transitions in the I, B °Ily.,-X '2* system.

D. Ba reagent source

The Ba('S,) source utilized in the present study was
essentially a modified version of the high-temperature oven
previously described by Rettner, Woste, and Zare.” A cylin-
drical stainless steel crucible, with a 0.8 mm diameter orifice,
was filled with ~ 60 g of barium rod (Alfa; 99.5% purity)
and sealed by means of a tapered, press-fitted cap. Great care
was taken to remove any residual oxide coating from the
barium metal prior to its use. This greatly alleviated orifice
clogging problems that were believed to stem from the pres-
ence of such refractory oxide material. Three 1/8 in. diame-
ter ceramic rods served to support the barium-containing
vessel above a water-cooled and radiatively baffled base-
plate. This entire assembly was designed to be rotated and
translated from outside the vacuum so as to permit fine posi-
tioning of the Ba('S,) source. Oven temperatures were mea-
sured viaa W/5% Re vs W/25% Re thermocouple (Omega;
type C) that was inserted through one of the supporting
ceramic rods to a point within 1 mm of the crucible orifice.

The barium crucible assembly was placed into a high-
temperature furnace consisting of three cylindrical layers of
tantalum sheet surrounded by a water-cooled copper jacket.
The tantalum functioned as a heat shield designed to contain
and distribute thermal radiation within the oven. Three
tungsten hairpin filaments (1.5 mm diameter), driven by a
high-current/low-voltage a.c. supply so as to eliminate dis-
charge-related formation of metastable atoms,® served to ra-
diatively heat the crucible and vaporize the barium metal.
Wired in parallel via a water-cooled and radiation-baffled
connector block, the filaments produced the requisite oper-
ating temperature of ~ 1320 K with input powers typically
of the order of 1 kW (at 5.6V, ). A hole cut through both
the tantalum heat shields and the outer water jacket enabled
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the resulting Ba('S,) beam to emerge from the furnace as-
sembly. In order to minimize corrosion problems, such as
those that might stem from contact with the HI reagent, all
copper components of the metal atom source were electroly-
tically plated with nickel.

As shown in Fig. 1, the Ba('S,) source was housed in a
differentially pumped, cylindrical partition that was situated
directly within the confines of the main scattering chamber.
This configuration ensured that the total distance from cru-
cible orifice to interaction region was kept to a bare mini-
mum (i.e., 10.6 cm). Evacuated by means of a water-baffled,
4 in. diffusion pump (CVC PMCS-4B), the source chamber
exhibited a background pressure of roughly 10 ~#® Torr. Fol-
lowing an initial period of outgassing, operating pressures
within this region could readily be maintained in the 10~ °-
107 Torr range.

Before entering the main scattering chamber, the atomic
beam produced by the Ba('S,) source was collimated to a
half-angle of 2.82° via a custom-made set of apertures and
baffles. Designed primarily with our fluorescence product
detection scheme in mind, this configuration of baffles also
served to trap a considerable portion of the unwanted black-
body radiation emerging from the high-temperature oven.
After traversing the Ba + HI interaction region, the barium
atoms impinged upon a conical catcher block that could be
manually rotated into and out of the beam path. The latter
position, in conjunction with a judiciously placed optical
viewport and precision telescope, permitted line-of-sight
alignment of the barium crucible orifice with respect to the
baffle assembly. Typical Ba('S,) beam fluxes, estimated on
the basis of experimentally measured velocity distributions
and an assumed vapor pressure of roughly 10 Torr?® for bari-
um at 1320 K, were on the order of 10'°-10'" parti-
clescm~*s~'. While not examined explicitly, barium di-
merization seems to be highly unlikely due both to the mild
expansion conditions employed for our “effusive” source
and to the closed-shell nature of Ba('S,) atoms.

E. Bal product detection

Figure 2 illustrates the arrangement of optical compo-
nents utilized in the present study. The excitation source for
our LIF detection scheme was provided by a single-mode cw
ring dye laser (Coherent 699-29) containing Rhodamine
560 dye (Exciton) dissolved in ethylene glycol. An integral
wavemeter, in conjunction with computer-controlled fre-
quency scanning and data acquisition, enabled high-resolu-
tion, continuous-stream spectra to be recorded over essen-
tially the entire tuning range available to a given dye.
Pumped by ~6.1 W of the 5145 A emission from a main-
frame argon-ion laser (Spectra Physics 171-17), this config-
uration produced a peak output power in excess of 1.2 W
with an actively stabilized linewidth specified to be <1
MHz. Single-frequency operation of the dye laser was con-
tinuously monitored by means of a 2 GHz scanning interfer-
ometer (Spectra Physics 470).

While the normal tuning range of the Rhodamine 560
dye was more than adequate for the majority of our Bal
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studies, measurements performed on the high vibrational
levels of the C °Il,,,—X = * Av = 0 sequence required that
the peak of the laser curve be shifted to the blue. This was
accomplished by careful addition of a saturated KOH-
/methanol solution to the dye mixture. Dye half-life, deter-
mined to be on the order of 150-200 watt-hours, was greatly
enhanced by replacing all brass components in the commer-
cial dye circulator with comparable parts made from stain-
less steel and teflon.

The dye laser power was maintained at a constant preset
value ( 4 0.5%:; d.c. to 3 kHz bandwidth) by means of a
homemade active stabilization system based on a servo-
locked acousto-optic modulator (IntraAction AOM-40).
The intensity of the undeflected laser beam (zero order of
the AOM) was adjusted by varying the depth of modulation
of the AOM grating. A Keplerian telescope/
spatial filter assembly served to expand and collimate the
output light, while simultaneously converting any move-
ments in beam position, such as those that might accompany
frequency scanning, into amplitude fluctuations that could
subsequently be corrected for by the power stabilization
loop. This optical configuration provided a source of tunable
cw radiation that exhibited superior amplitude and frequen-
cy stability, as well as an exceptionally uniform Gaussian
spatial profile ( 0.8 cm diameter). Following attenuation
by a pair of polarization cubes (Karl Lambrecht), the probe
light propagated through the Ba + HI interaction region in
a direction perpendicular to the plane defined by the crossed
reagent beams.

Spontaneous emission from the Ba + HI interaction re-
gion was collected with a custom set of f/1.5 optics situated
in the plane of the crossed reagent beams. After being
imaged onto a slit (i.e., to reject unwanted background
light) and recollimated, the fluorescence was directed
through a bandpass interference filter (Oriel) placed before
the photocathode of a cooled photomultiplier tube (Cen-
tronic Q4283 RA at — 20°C). A set of blackened, conical
baffles located in both the entrance and exit arms of the main
vacuum chamber essentially eliminated any scattered laser
light. Lock-in detection (PAR 124A with 116 preamplifier),
based on modulation of either the probe laser or the HI
source, enabled the LIF signal to be effectively discriminated
from residual background noise. For the present study, the
major noise source was found to entail blackbody emission
from the high-temperature barium oven.

Bal excitation spectra were obtained by scanning the
laser frequency under computer control (Apple Ile) while
simultaneously digitizing and recording the demodulated
output of the photomultiplier tube. Concurrent measure-
ment of the I, absorption spectrum provided a convenient
absolute frequency reference when used in conjunction with
the Fourier transform atlas of Gerstenkorn and Luc.?’ In
order to minimize saturation effects in the observed Bal
C?TI-X 23 * transitions, the intensity of the probe laser en-
tering the reaction chamber was typically attenuated to less
than 5 mW. The direction of linear polarization for the LIF
excitation beam could be readily varied through appropriate
adjustment of the optics employed in the polarization-based
light attenuator.

F. Reagent velocity determination
1. HI (X 'X*) source

The velocity distribution for HI(X ' *) reagent was
determined via standard TOF techniques.?® In brief, roughly
15 us pulses of the continuous HI-seeded supersonic source
were produced by modulating the beam flow with a thin
(0.13 mm) beryllium—copper chopper blade containing two
antipodal 1 mm slits and rotating at ~ 300 Hz (TRW Globe
a.c. hysteresis motor type SC). A light-emitting diode and a
photodiode detector, mounted directly on the water-cooled
housing of the chopper motor, served to monitor the slits’
traversal of the molecular beam. The amplified and filtered
signal derived from these components provided both the
trigger pulse and zero time reference for the ensuing analy-
sis.

After traversing an accurately measured flight path on
the order of 75 cm, the HI pulse, now temporally broadened
as a result of velocity dispersion, was ionized by electron
impact and mass-selectively detected (at m/e = 128) by
means of a differentially pumped quadrupole mass spec-
trometer (either a VG SX-200 or an Extrel system consisting
of a 200 mm long quadrupole with 9.5 mm diameter rods).
The ions were detected by a channeltron electron multiplier
(Galileo) and the resulting signal was coupled into a high-
speed, high-gain transimpedance amplifier (Keithley 427)
before being directed to the input stage of a gated integrator-
/boxcar averager (PAR 162 with 164 integrator modules).
TOF spectra were obtained by utilizing a microcomputer
(Apple Ile) to scan the boxcar gate repetitively over a prese-
lected time interval, while concurrently digitizing and aver-
aging the temporal profile of the transient HI * pulse. By
simultaneously recording time markers from a triggerable
pulse generator (HP8011A), an absolute calibration of the
time scale could be readily performed.

2. Ba(1S,) source

The velocity distribution for the Ba('S,) reagent was
measured via the spatial properties of the Doppler effect as
applied to the optical transitions of atomic barium. The
probe for this analysis was provided by LIF excited through
two distinct spectroscopic transitions: (1) the 'P{-'S, Ba
atomic resonance line?® at 18 060.26 cm ~'; and (2) the *D,—
'S, Ba two-photon transition®® at 36 200.42 cm~' (i.e.,
2% 18 100.21 cm ~'). In principle, the one-photon and two-
photon spectra should provide identical information regard-
ing the barium velocity distribution. However, in practice,
the large dipole moment associated with the 'P{-'S, transi-
tion (viz., 8.02 D)3! usually resulted in significant self-ab-
sorption of the emitted resonance radiation. The deleterious
effects accompanying this radiation-trapping process®
made the experimentally more demanding two-photon exci-
tation scheme the method of choice for analysis of Ba('S,)
velocities.

The Ba('S,) LIF was collected by the same optical
imaging system and cooled photomultiplier tube used for
measurement of Bal product state distributions. For the
3D,-'S, two-photon transition, individual signal photons,
produced by focusing the unattenuated cw laser output
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(~150 mW) through the atomic beam, were detected, am-
plified (Ortec 9301/474), and converted to analog form via
a discriminator/ratemeter combination (Ortec 436 and
449). A narrow-bandpass interference filter (Ditric Optics),
placed in front of the photomultiplier cathode, enabled selec-
tive detection of one-photon spontaneous emission through
the *D,~>P° transition at 440 nm. In addition to alleviating
problems associated with radiation trapping, this blue flu-
orescence transition allowed for efficient spectral rejection
of unwanted background light produced by the thermal bari-
um source. Excitation scans, obtained by digitizing the LIF
signal intensity at frequency intervals of 1 MHz, were stored
on disk for later processing and analysis. Simultaneous re-
cording of the absorption spectrum for I, and the reference
fringes from a monitor etalon provided for absolute and rela-
tive frequency calibration, respectively.

IV. RESULTS
A. Reagent translational energies

Accurate determination of the dissociation energy for
Bal requires detailed information on the relative transla-
tional energy of the colliding reagents E,, (Ba-HI). This
requirement prompted a series of careful measurements de-
signed to examine the distribution of particle velocities pro-
duced by both the Ba('S,) and HI(X 'X * ) sources. Experi-
mental results derived from these studies were subsequently
interpreted in terms of a model velocity distribution f(v)
that was assumed to have the form

fv) = (v = py)2et ~ [T (10)

where v,, U,, and a,, respectively, denote the velocity offset,
stream velocity, and stream width associated with a particu-
lar reactant beam. Final analysis of the velocity distributions
appropriate for each reagent was based upon least-squares
optimization of the v, v,, and o, parameters so as to obtain
the best possible agreement between observed and calculated
spectra [i.e., Doppler-limited optical spectra in the case of
Ba('S,) and TOF mass spectra in the case of HI(X '3 +)].
Equation (10) was chosen not on the basis of theory, but
because it provided a good fit.

The following discussion provides a more quantitative
description of the velocity distributions derived for each of
our reagent beams. Typical experimental results and their
interpretation in terms of the model parameters in Eq. (10)
are presented. In order to ensure accurate determination of
the relative translation energy for the reactants, separate
measurements of the Ba('S,) and HI(X 'S +) velocities
were performed during each experimental run.

Typical *D,-'S,, two-photon LIF spectra recorded for
analysis of barium velocity distributions are given in Fig. 3.
Here, the first-order Doppler effect has been exploited to
observe high-resolution spectra of barium under two differ-
ent geometries of the laser propagation direction with re-
spect to the Ba('S,) beam velocity. Doppler-free spectra
were obtained by directing the excitation laser at 90° with
respect to the collimated Ba('S,) beam. The sharp Doppler-
free structure in Fig. 3 refiects the spectral shifts and hyper-
fine splittings associated with the naturally occurring mix-
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FIG. 3. Doppler spectroscopy measurements for Ba beam velocity deter-
mination. The upper panel presents high-resolution Doppler-limited and
Doppler-free LIF spectra (solid curves) obtained through the Ba’D,-'S,
two-photon transition. Also shown are simulated Doppler-limited profiles
corresponding to a Maxwell-Boltzmann distribution of velocities at the
temperature (1320 K) of the oven crucible (dotted curve) and to the best fit
of Eq. (10) to the experimental data (smooth solid curve). The model ve-
locity parameters and their 1o uncertainties are v, = 262(4) ms~ oo,
=267(33)ms™!,anda, = 284(15) m s~ '. Associated residuals are pre-

sented in the lower panel.

ture of barium isotopes.>* The left-hand portion of Fig. 3
depicts a shifted and broadened Doppler-limited spectrum
recorded with the laser intersecting the barium beam at 135°.

Convolution of the Doppler-free spectrum with an ap-
propriate form for the barium velocity distribution should
yield a simulation of the Doppler-limited results.>* Initial
attempts to represent the barium velocities in terms of a
Maxwell-Boltzmann distribution, with the temperature set
equal to that of our oven crucible, produced the Doppler-
limited spectrum denoted by dotted lines in Fig. 3. Obvious-
ly, this simple model for f(vg, ), which is quite appropriate
for an effusive beam emerging from a thermal source, pro-
vides an inadequate description of the present experimental
conditions.

The supersonic expansion formula embodied in Eq.
(10) was found to provide a much more satisfactory descrip-
tion for the distribution of barium velocities emerging from
our nominally effusive source. A simulated Doppler-limited
spectrum, resulting from nonlinear least-squares optimiz-
ation® of the model velocity parameters contained in f{vg, ),
is shown in Fig. 3. The width of the measured velocity distri-
bution, which corresponds to a translational temperature of
roughly 670 K, is clearly narrower than that associated with
a thermal source at the 1320 K temperature of the barium
crucible.
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FIG. 4. Time-of-flight measurements for HI beam velocity determination.
The upper panel depicts the experimental TOF signal (dots) and the simu-
lation of the best fit of Eq. ( 10) to the experimental data (solid curve). The
model velocity parameters and their 1o uncertainties are v, = 757.2(14)
ms~' and @, = 36.3(9) ms~'. Associated residuals are presented in the
lower panel.

Figure 4 presents a typical TOF spectrum recorded for
analysis of HI velocity distributions. The actual experimen-
tal data, denoted by individual dots, were obtained by digi-
tizing the time-resolved output of an rf quadrupole filter that
had been tuned to m/e = 128 so as to monitor the mechani-
cally chopped beam from our HI(X'S™*) supersonic
source. While the signal arrival time provides a crude esti-
mate for the average HI velocity, the broadened temporal
profile of the pulse contains detailed information on the
overall shape of the HI velocity distribution. The results
shown in Fig. 4 correspond to a mixture of ~6.0% HI in
nitrogen carrier gas with the stagnation pressure and nozzle
temperature maintained at 251 kPa and 50 °C, respectively.
These conditions are representative of those employed for
the present study of Bal dissociation energies.

Analysis of the translational energy spread associated
with the supersonic HI(X '= +) source was based upon di-
rect numerical simulation of the experimental TOF spec-
tra.?® This procedure entailed convolution of a parametrized
distribution for HI velocities [Eq. (10)] with temporal
functions describing the traversal of the chopper slit across
the molecular beam and the overall response time of our
apparatus. Values of parameters incorporated into the veloc-
ity model were optimized, by means of a nonlinear least-
squares regression algorithm,> so as to obtain the best possi-
ble agreement between the observed and calculated TOF
profiles. The accurate determination of HI velocities de-
manded that all recorded flight times be corrected by sub-
traction of the experimentally measured mass- and charge-
dependent transit times for ions within the quadrupole mass
spectrometer.

T T T T
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10 F et .
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FIG. 5. The distribution of reagent translational energies E,, (Ba—HI) (sol-
id curve) associated with the crossed-beam determination of Bal dissocia-

tion energies. From this curve, it is determined that E,,, (Ba—HI) = 7.54
kcal/mol, E %, (Ba-HI) = 6.78 kcal/mol, and o, (Ba-HI) = 1.43 kcal/

mol. The dotted curve denotes the translational energy spread reported for a
previous beam-gas study of the Ba + HI reaction (Ref. 14).

The solid curve in Fig. 4 represents the numerical simu-
lation for the experimental TOF spectrum as derived from
our least-squares regression procedure. Optimized values for
the v, and @, parameters, as well as their associated one-
standard-deviation confidence limits, are presented in the
caption. Since the velocity offset v, of Eq. (10) could not be
uniquely determined as an independent variable, its value
has been set equal to zero for the HI beam analysis. The
exceptionally narrow width of the deconvoluted HI velocity
distribution, corresponding to a translational temperature of
roughly 20 K, confirms the supersonic nature of the
HI(X '2 *) reagent source.

Figure 5 depicts the distribution of reagent translational
energies, E,, (Ba—HI), associated with the present set of ex-
perimental conditions. This plot was derived from the inde-
pendently measured velocity functions for the Ba(lS,) and
HI(X '3 *) reactant beams by converting them to a relative
(i.e., center-of-mass) coordinate frame and numerically
convoluting them together subject to the constraints im-
posed by the 90° crossing geometry of our reaction appara-
tus.?® The mean [E, (Ba-HI)], most probable
[E% (Ba-HI)], and standard deviation [0 (Ba-HI)]
for the calculated translational energy distribution are given
in the caption.

The dotted curve in Fig. 5 represents the translational
energy distribution reported in a recent beam-gas investiga-
tion of the Ba + HI reaction system.® It is particularly im-
portant to note that the spread in our crossed-beam
E . (Ba-HI) _ distribution, corresponding to a
oz, (Ba-HI)/E,, (Ba-HI) ratio of roughly 18%, is over a
factor of 2 narrower than that associated with the previous
beam-gas study. The energy uncertainty arising from the
range of E, (Ba~HI) values available to the reagents consti-
tutes the major source of nonsystematic error for the deter-
mination of D § (Bal).

It must be stressed that the results presented in Fig. 5
actually reflect the spread in translational energy available
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for colliding reagents, not necessarily for reacting reagents.
While indicating the probability for bimolecular collisions to
occur with a given relative energy, the shape determined for
the E_, (Ba—HI) distribution does not reveal whether or not
the colliding species react or, moreover, what final product
states are formed. In the absence of any additional informa-
tion, the analysis assumes that Fig. 5 roughly corresponds to
the distribution of £, (Ba—HI) for reactive encounters. The
implications of this assumption, especially with regards to
the uncertainties placed on our calculated value of
D3 (Bal), will be discussed below.

B. Bal product state analysis

Figure 6 presents a high-resolution LIF spectrum ob-
tained by scanning the frequency of our probe laser through
the entire Bal C?II,,-X 23+ Av =0 band system while
simultaneously monitoring the undispersed fluorescence
signal originating from the nascent Bal product molecules.
The crossed-beam conditions employed for this measure-
ment are completely specified by the distribution of reagent
translational energies reported in the preceding section. Al-
though the actual experimental data might appear to be
somewhat noisy, closer inspection reveals this to be primar-
ily a consequence of individual rovibronic transitions re-
solved by the single-mode cw excitation laser. When com-
pared and contrasted with results derived from previous
beam-gas studies,'"'* the spectrum in Fig. 6 immediately
reveals significant differences in rotation-vibration popula-
tion distributions for the Bal product. These variations and
their implications for the determination of DJ (Bal) form
the basis for the ensuing discussion.

In order to extract a value for D3 (Bal) from our LIF
measurements, the populated quantum states of the Bal
product must be identified and characterized as to their in-
ternal energy content. A thorough understanding of Bal
spectroscopy is essential for any such undertaking. Despite
considerable efforts expended by several research
groups,'1°*%3 3 complete rovibronic assignment for the

T T H T
Ba('sy) + HI(X'T*)
Crossed—Beam Reaction
6.0% HI in N,

Relative LIF Intensity
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Energy (em™)

FIG. 6. A high-resolution LIF spectrum spanning the entire Bal
C7I1,,-X?3* Av=0 band system. The features revealed by this long-
range scan reflect the rotational and vibrational population distributions in
the nascent Bal product molecules. The P,,(J), Q,(J) double bandheads
for the lowest (v,v) vibronic transitions are labeled.
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FIG. 7. Rovibronic spectroscopy of Bal as observed through the
CMl,,,-X?2* Av=0 band system. The upper panel depicts a detailed
Fortrat diagram for the (0,0) vibronic transition with a superimposed spec-
tral simulation obtained by equally populating all rotational levels up to
J = 700.5. The lower panel demonstrates the spectral congestion arising
from overlapping vibronic structure within the Av = 0 sequence.

entire Bal C-X system still remains a quite formidable task.
In part, the difficulties associated with analysis of the C-X
transition stem from the small, nearly equal rotational con-
stants for the C and X states (B~0.027 cm~!),'® which, in
conjunction with the presence of six distinct rotational
branches per subband, lead to the formation of exceptionally
congested vibronic bands. This problem is succinctly illus-
trated by the upper panel of Fig. 7, which shows a detailed
Fortrat diagram and superimposed spectral simulation for
the Bal CI1,,,-X 22+ (0,0) band, as derived from work
performed in this laboratory.'®* Furthermore, the nature
of the C-X transition,*' which involves the transfer of an
electron between two nonbonding molecular orbitals cen-
tered primarily on the Ba atom, means that the upper state
potential surface is essentially identical, both in shape and
equilibrium internuclear distance, to that of the ground
state. Therefore, Franck—Condon factors strongly favor
Av = 0 vibronic transitions that, in turn, are separated in
frequency only by the relatively small difference in vibra-
tional constants between the C and X states (viz., o!'-w?
~6.2cm~').*** As depicted in the lower panel of Fig. 7,
this results in a closely spaced sequence of (v,v) Fortrat pa-
rabolas with the density of rovibronic transitions rapidly ap-
proaching several hundred per wavenumber.

As suggested by Fig. 7, the overall band contours corre-
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sponding to individual vibronic transitions within the Bal
C-X system can furnish some indication as to the internal
energy content of our product molecules. Provided that suf-
ficient rotational excitation is present, the rotational and
centrifugal distortion constants for the (0,0) band lead to
the formation of three blue-shaded bandheads: two closely
spaced “double” bandheads at J~427.5, where E,
(Bal) =~0.60 eV [derived from P,,(J) and Q,(J) transi-
tions] and one far-displaced ““high-J ” bandhead at J ~ 508.5,
where E, ., (Bal) =0.84 eV [derived from P,(J) transi-
tions]. It should be noted that 0.60 and 0.84 eV of rotational
excitation in vibrationless Bal X 22+ is approximately
isoenergetic with the rotationless levels of v = 34 and v = 49,
respectively! Assuming that the relative values of spectro-
scopic constants for the C and X states are roughly indepen-
dent of vibrational quantum numbers, the presence of band-
head feature in the LIF spectra provide a direct indication
for the degree of rotational excitation associated with indi-
vidual product vibrational states.

In light of the (0,0) Fortrat diagram, the sharp “doub-
let” features in the low-frequency region (viz., near 18 560
cm~!) of Fig. 6 can now be attributed to the formation of
closely spaced P,,(J) and Q,(J) bandheads for the lowest
Av = 0 vibronic bands. However, under the present experi-
mental conditions, insufficient product rotational excitation
exists for the creation of “high-J” P,(J) bandheads.** Nev-
ertheless, clusters of spectral lines, corresponding to individ-
ual rovibronic transitions within the P,(J) branch, can be
readily identified for the first few vibrational states in the
vicinity of 18 535 cm ~'. The presence of P,,(J) and Q,(J)
bandheads and the absence of P,(J) bandheads immediately
place lower and upper bounds on the maximum degree of
Bal rotational excitation, namely, 4800 = E &3* (Bal ) <6775
cm ™. In the case of vibrationless Bal, these limiting values
for rotational excitation must also equal the maximum
amount of internal energy contained within the nascent
product molecules £ :* (Bal). Assuming that bandhead
formation is not affected significantly by changes in vibra-
tional quantum numbers and noting that the ‘“‘double”
P, (), Q-(J ) bandheads seems to disappear after v~®6,
where E,;, (Bal) =901 cm~', a more refined estimate of
E™*(Bal)<5700 cm ~ ! can be deduced from our LIF mea-
surements.

With increasing Bal vibrational excitation, the sharp
double bandheads in Fig. 6 are supplanted by a regular pat-
tern of slowly modulating spectral intensity. These features,
separated in frequency by roughly the 6.2 cm ~' difference
in vibrational constants between the C and X states, can be
attributed to dense C>II,,,-X 23 * (v,v) rovibronic struc-
ture derived from low rotational excitation (i.e., J<300) of
individual Bal X2 * vibrational levels. Previous stud-
ies' 193738 based upon low-resolution spectroscopic probes
ascribed oscillations analogous to those depicted in the cen-
tral portion of Fig. 6 to the formation of Av = 0 bandheads.
A more detailed analysis of high rotational levels in the (0,0)
vibronic band,*® made possible by our use of crossed-beam
reaction conditions and high-resolution LIF spectroscopy,
suggests that this is not the case. In particular, as shown by
Fig. 7, the low-J inflection points in the Q,,(J) and R,(J)
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FIG. 8. The expanded portion of the Bal C*I1,,,-X >Z * (v,v) LIF spec-

trum in a region corresponding to population of highly excited vibrational
levels. Gross numerical smoothing of the experimental data reveals the
band contours for individual Av = 0 vibronic transitions.

branches can lead to a sharp local region of spectral conges-
tion that resembles a true bandhead.

Since Franck-Condon factors for individual Av =0
bands in the Bal C-X system are all approximately equal to
unity,'"'%*! the LIF spectrum of Fig. 6 suggests that the Bal
X 22 * product formed in our crossed-beam study is highly
vibrationally excited, exhibiting an inverted vibrational dis-
tribution that is bell shaped with a peak near v~ 12. For the
lowest vibrational levels, the unusually large intensity asso-
ciated with the P,,(J),Q,(J) double bandheads reflects the
selective population of a narrow range of rotational states
(viz., J~427.5) as dictated by the influence of kinematic
constraints in the Ba + HI reaction.>'*!> Note that these
sharp bandhead features, which totally dominate the ob-
served LIF spectra, form roughly 15 cm ~! to the red of the
corresponding vibronic origin (cf., Fortrat diagram in Fig.
7.

Figure 8 shows an expanded portion of the Bal LIF
spectrum attributed to Av = 0 transitions from highly excit-
ed X 22 * vibrational levels. Here, gross numerical smooth-
ing of the experimental data has been performed so as to
reveal the overall contours for individual vibronic bands.
Definitive assignments for each (v,v) transition are dis-
played above the corresponding spectral feature. The gradu-
al decrease in spectral intensity with increasing degree of
vibrational excitation reflects the diminishing population of
the higher X 22 * vibrational levels in the nascent Bal prod-
uct.

Analysis and extrapolation of LIF spectra recorded for
(v,v) vibronic transitions beyond those depicted in Fig. 8
suggest that the highest-lying X 22 + vibrational state popu-
lated under the present experimental conditions is v = 34
with an uncertainty of two vibrational quanta. This extrapo-
lation is more difficult than Fig. 8 suggests because of inter-
fering contributions from the Av = 4 1 sequence. Assum-
ing that rotational excitation within this limiting vibrational
level is negligible, our best estimate for the maximum inter-
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nal energy content of the nascent Bal product molecules is
given by ET*(Bal)=~E"**(Bal) = 4850+ 300 cm ™',
where we have used wZ=152.140 cm~! and w3xZ
= 0.2746 cm ~ ' .*? It must be stressed that the observation
of an energetic cutoff at v~ 34 via the C *I1;,,~X =+ Av =0
band system is not influenced by the onset of predissociation
in the excited electronic state, which has been reported to
occur near v~ 62 by Johnson, Allison, and Zare.'? Note that
the value of En;*(Bal) deduced from vibrational popula-
tions is consistent with the upper limit suggested earlier from
rotational bandhead features.

C. Calculation of lower bound for DJ(Bal)

With the maximum internal energy content of Bal de-
termined to be E *(Bal) = 13.87 + 0.86 kcal/mol on the
basis of the highest observed product vibrational state, the
energy-balance arguments embodied in Eq. (9) can now be
invoked for the calculation of D J (Bal). The mean value and
standard deviation for the experimentally measured distri-
bution of relative reagent translational energies (cf., Fig. 5)
indicate that E_, (Bal-H) = 7.54 + 1.43 kcal/mol. There-
fore, given the well-known bond dissociation energy for HI
[viz., D3 (HI) = 70.429 4 0.025 kcal/mol],>"** one finds

DJ(Bal) 276.8 + 1.7 kcal/mol, (11)

where the error bar reflects independent propagation of the
uncertainties associated with the individual terms of Eq.
(9).

The large spread in the translational energy distribution
of Fig. 5 provides the major source of statistical uncertainty
for the present analysis. In addition, no information exists as
to what portion of the measured distribution is reactive and,
more importantly for our analysis, what portion leads to the
population of high vibrational states in the nascent Bal prod-
uct molecules. Consequently, both the explicit neglect of
product recoil energy E,, (Bal-H) and the implicit assump-
tion that all reagent collisional energies result in the forma-
tion of highly vibrationally excited Bal furnish possible
sources of systematic error for the bond dissociation mea-
surements. It must be stressed, however, that our lower limit

Vaccaro et al.: Dissociation energy of Bal

for D (Bal) and its associated error bar are thought to more
than encompass any reasonable estimates for these uncer-
tainties.

V. DISCUSSION

Table I contains a compilation of the results derived
from attempts to determine the bond dissociation energy of
Bal. Where available, the error bars and bounds associated
with each measurement have been indicated. The
exoergicity for the Ba('S,) + HI(X = +)
—-Bal(X?2+) + H(3S,,,) reaction system, defined
by AE =D (Bal)-D3(HI), has also been tabulated for
each of the reported values of D J (Bal).

At first glance, the chronologically ordered listing of
Table I reveals a large disparity among the reported bond
dissociation energies for Bal, with the correlated energetics
for the Ba + HI reaction system ranging from somewhat
endoergic to extremely exoergic. However, upon closer in-
spection, most of the previously measured values of
D3J(Bal) are in the vicinity of ~72 kcal/mol. The one ex-
ception, an early chemiluminescence study of Dickson, Kin-
ney, and Zare,” which yielded a value of 102 kcal/mol, must
be discounted due to contamination of their barium source
by electronically excited atoms.® It is particularly interesting
to note that the roughly 28 kcal/mol discrepancy,which dif-
ferentiates the results of Dickson and co-workers from the
other measurements, is in excellent agreement with the ener-
gy required for the formation of metastable Ba(*D) from
ground state barium.*®

Aside from the early molecular beam scattering studies
of Mims, Lin, and Herm,® which provide a lower limit for
D3 (Bal) of 66 kcal/mol, the remaining bond dissociation
energies of Table I are all in relatively close proximity to the
lower bound of 76.8 + 1.7 kcal/mol derived from the pres-
ent work. However, in light of our experimental observa-
tions, the few kcal/mol discrepancies that do exist are quite
significant. On the basis of equilibrium thermochemical data
obtained through high-temperature mass spectrometric
measurements, Kleinschmidt and Hildenbrand® have con-

TABLE I. Compilation of bond dissociation energies measured for Bal. The corresponding exoergicity of the
Ba('S,) + HI(X '=*)-Bal(X 22+ ) 4 H(®S,,, ) reaction, defined by AE = D{ (Bal)-DJ (HI), is also in-

dicated.
DY (Bal) AE
Investigator Method (kcal/mol) (kcal/mol)
Mims, Lin, and Herm® Molecular beam scattering >66 > —4.4
Dickson, Kinney, and Zare® Chemiluminescence 10241 + 316
Kleinschmidt and Hildenbrand® Mass spectrometry 714+ 1.0 + 1.0
Estler and Zare® Chemiluminescence 72942 +25
Johnson, Allison, and Zare® Predissociation <78.5+ 0.5 < + 8.1
This work LIF »>76.8 + 1.7 >+ 64

2 Reference 6.
> Reference 7.
¢ Reference 9.
9 Reference 8.
Reference 13.
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cluded that D5 (Bal) = 71.4 4 1.0 kcal/mol. To assess this
value, Eq. (9) can be solved for the maximum internal ener-
gy content of the nascent Bal product:

E™*(Bal) SDJ(Bal) — DJ(HI) + E,, (Ba—HI).
(12)

By utilizing the mean relative translational energy measured
for our experimental conditions [viz., E,el (Ba—-HI)
= 7.54 + 1.43 kcal/mol] in conjunction with the known
dissociation energy for HI, the D J (Bal) value suggested by
Kleinschmidt and Hildenbrand yields he*(Bal)
8.5 4+ 1.7 kcal/mol. This upper bound for the internal en-
ergy content of Bal is barely enough to populate v = 20 and
is insufficient to lead to formation of the P,,(J),Q,(J) dou-
ble bandheads observed for the C°Il,,-X?Z* (0,0) vi-
bronic transition (cf., Fig. 7). Even after taking the rather
conservative error bar into account, such that E"*(Bal)
%10.2 kcal/mol, only vibrational levels lower than v=~25
would be formed with the vibrationless level still not exhibit-
ing any bandhead features. Obviously these conclusions con-
tradict the spectroscopic observations made during our
crossed-beam measurements. Given that the values of
D (CaF) and DJ(SrF) derived by the same authors via
identical mass-spectrometric methods ° are in excellent
agreement with the bond dissociation energies obtained
through application of energy-balance arguments to the
Ca+ HF(v = 1) and Sr + HF (v = 1) reaction systems,*’
the apparent discrepancy between our results and the Bal
dissociation energy reported by Kleinschmidt and Hilden-
brand® is quite perplexing. Hopefully, this problem will be
resolved in the near future. Since a first draft of this manu-
script was prepared, Hildenbrand has informed us that re-
cent work with Lau in his laboratory has provided a revised
value of DJ (Bal) = 76.2 + 2 kcal/mol based on several in-
dependent reaction systems including the dissociation equi-
librium Bal(g) = Ba(g) + I(g) in which the temperature

dependence of the equilibrium constant was measured.*®

While less dramatic in its shortcomings, the Bal bond
strength derived from the chemiluminescence studies of
Estler and Zare® also seems to be somewhat low. These au-
thors utilized a discharge to prepare metastable barium
atoms and interpreted their results in terms of the
Ba(’D) + I, reaction system. However, unavoidable forma-
tion of metastable Ba('D) in their source might have con-
tributed to the observations reported by Estler and Zare.
Since the 'D level of barium is located roughly 2115 cm ~*
above Ba(’D),* reinterpretation of the chemiluminescence
data suggests a bond dissociation energy of D (Bal)
>78.9 1 2 kcal/mol, a value in reasonably good agreement
with that derived from the present study.

In a recent study of the Ba + CF;1- Bal + CF; reac-
tion system, Johnson, Allison, and Zare'® have found evi-
dence for predissociation in the C *II electronically excited
state of Bal. Based on the sudden loss of observed LIF signal
intensity, as well as on rapid variations in effective rotational
constants and vibrational spacings, these authors concluded
that the onset of predissociation occurs at v~62 and v~78
inthe = 3/2 and ) = 1/2 spin—orbit components, respec-
tively. Since the repulsive curves responsible for these nona-
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diabatic perturbations must correlate to the same asympto-
tic separated-atom limit as the X 22+ ground potential,
predissociation of the C state establishes an upper bound of

DY (Bal)<78.5 + 0.5 kcal/mol. (13)

The lower bond for the Bal bond dissociation energy de-
duced from our crossed-beam measurements falls roughly
1.6 kcal/mol below this upper limit. We therefore recom-
mend a value of

D3 (Bal) = 77.7 + 2.0 kcal/mol (14)

for the bond strength of Bal. The error bar has been chosen
essentially to encompass the range of uncertainties suggested
by Egs. (11) and (13).This new value of D3 (Bal) implies
an exoergicity of AE=7.3+2.0 kcal/mol for the
Ba('S,) + HI(X 22 *) reaction. By exploiting a full rota-
tional analysis for the product state distributions, in con-
junction with the constraints on angular momentum dispos-
al imposed by the kinematic or mass-dependent effects that
govern the Ba + HI system, an even more refined estimate
for the Bal bond dissociation energy should be possible.
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