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ABSTRACT

Fluorescence excitation spectra of complexes of Ne and Brj
containing up to four Ne atoms have been measured. The van der Waals
molecules were synthesized in a free jet expansion and excited with tunable
excimer-pumped dye laser radiation. Features attributable to van der Waals
complexes by virtue of their intensity dependences on molecular beam
stagnation pressure appear shifted to the blue of band origins of the
BBHog <« Xlzé transition of all three isotopic species of Brp. Spectra were
recorded for transitions (11-0) through (30-0) of Bry which show that the
specral shifts of the complexes relative to the Brp band origins increase with
increasing v'. NeBrj shifts range from 5.5 to 8.8 cm-1. The spectral widths
of the van der Waals features also increase with v' from a laser bandwidth
limited value of 0.10 cm-! for NeBry (16-0) to 3.1 ecm-! for (27-0). This
indicates a greater than order of magnitude change in the lifetimes of these
complexes with level of vibrational excitation which is disucssed in relation
to recent theories on the dynamics of weakly bound systems. Estimates of 73
and 64 cm-1 were obtained for the van der Waals bond dissociation energy for

‘the ground and excited electronic states, respectively.



TABLE OF CONTENTS
Page
IREEOUETION, 5w v wm s im s s m s s s nm w56 6 605883 S w0 E 0SB0 2
EXperimental seeeececceeccessosssssssostassanesssssascsssannsans 11
Results sevssivsusivonesa BB EE s S Re b ES G ERS 16
Discussion esessssss e s s 0 e vesessee0esseseessssesecseneoe 61

APPENDIX I:  Design of Optics for Molecular Beam

Laser-Induced Fluorescence Experiments cccccsceee 73

APPENDIX II:  Scanning Electronics for Coherent
699-03 Dye Laser sestsseseeessassccsnncncnssacns 9]

APPENDIX IlII: Design of a Spherical Mirror Fabrey-Perot
Interferometer ccccccevcecccccccoscccccccsccccccncn 102



FREE JET EXPANSION LASER SPECTROSCOPY OF

VAN DER WAALS MOLECULES CONTAINING Ne and Brj



Introduction

The study of van der Waals molecules has become an important field
of interest in recent years.! Van der Waals molecules are weakly bound
complexes of the type AB-C where AB and C are stable, chemically bound
species. Chemical bonds have binding energies of typically 1-10 eV or tens of
thousands of wavenumbers. Van der Waals forces, on the other hand, lead to
binding energies 100-1000 times weaker than chemical bonds. Dissociation
energies for van der Waals bonds typically range from tens to several
hundreds of wavenumbers. This means that van der Waals molecules are
unstable with respect to collisional dissociation under ambient conditions
since kT at room temperature is ~200 cm-1.

Van der Waals forces are important for several reasons. They manifest
themselves in many of the bulk properties of gases. For example, they are
largely responsible for the non-ideality of gases and are an important factor
in transport coefficients.2 They are also thought to be of major importance
in the microscopic mechanistic description of chemical reactions where
incipient transition state bond formation and breakage may have considerable
van der Waals character. Van der Waals forces also play a large role in
dictating the overall structure of biological macromolecules. More recen:dy,
van der Waals molecules have been scrutinized because of their applicability
to the study of intramolecular energy transfer and vibrational

predissociation. Consider the following reaction:

AB*C ———» AB + C (1)



Excess vibrational energy in the chemically bound moiety AB* of the van der
Waals complex finds its way in a characteristic time t into the van der
Waals bond, leading to predissociation of the complex. Any excess of energy
between the initial vibrational excitation and the bond dissociation energy is
left as relative kinetic energy of the products. Much of the interest in these
types of processes is spurred on by the fact that these predissociation
lifetimes, T, can vary over may orders of magnitude. Casassa et al. have
witnessed dissociation lifetimes of ~10-13 s for dimers of ethylene
vibrationally excited with infrared radiation,while at the other extreme,
“wing has calculated a predissociation lifetime of ~1010 s for HF bound
to a crown ether.4

Van der Waals molecules have been traditionally investigated through
studies of bulk properties. However, while a detailed description of a
microscopic force may be straightforwardly averaged to yield an adequate
description of a bulk property, the reverse process is not usually possible. In
addition, bulk properties are usually only sensitive to the repulsive and long
range parts of the intermolecular potential curves leaving the portion of the
well around the minimum largely undetermined. Thus, it is necessary to try
to prepare van der Waals molecules under conditions where they are bou.nd
for appreciable lengths of time in order that spectroscopy may be done on
these complexes to gain information about their binding and dissociation
dynamics.

Several approaches have been taken to spectroscopically observe van
der Waals complexes. First, unusually strongly bound complexes of molecules

with very strong spectroscopic transitions have been studied. Examples of
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this approach are the infrared spectra of the dimers of HF and HCI5 where
the combination of very strong vibration-rotation bands and the partial
hydrogen bonding character of the van der Waals bond have allowed their
observation in static gas samples. Another approach has been to use very
long absorbtion path lengths in gases at low temperature. Here the
equilibrium concentration of van der Waals complexes is relied on for the
signal. This technique has been used to observe spectra of HpAr,6 NoAr,”
02Ar,8 (02),7 and (N3)210 as well as other complexes. Much of this data is
very good, with the potential surface of HyAr being the most ccmpletely
determined van der Waals potential surface to date. These studies have
pointed out the important consideration that although spectroscopy yields the
best information on van der Waals complexes, low pressures must be used
since the studies cannot tolerate broadening. This is due to the fact that the
rotational constants for van der Waals molecules are generally small because
of the long bond lengths in these weakly bound complexes. The third
approach taken in recent years to doing van der Waals molecule spectroscopy
has been to study systems which are not in thermodynamic equilibrium.

To achieve non-equilibrium state distributions, van der Waals
molecules have been synthesized in supersonic expansions of appropriate gas
mixtures. 1l A gas at initial pressure Py and temperature T is expanded into
a vacuum through a nozzle with diameter D to a final lower temperature T|
and pressure Py. The expansion can be easily made to be isentropic where
random thermal enthalpy in the static gas behind the nozzle is converted to
directed mass flow downstream from the nozzle. The initial translational

energy distribution which is centered on 0 velocity and has a width
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determined by Ty is both shifted and narrowed to a width determined by Tj.
Thus, although the flow velocity is large, the relative kinetic energy of
molecules in the expansion is low and can lead to the formation of van der
Waals complexes in the expansion via low energy collisions.

The expansion would simply result in the chilling of the expansion
mixture except for the fact that as the gas flows downstream from the
nozzle it becomes rarefied. As the gas expands it eventually reaches a point
where collisions are no longer probable. After reaching the collision-free
region a molecule is isolated from the surrounding gas such that the state
distribution determined in the collisional region of the expansion is frozen in.
Thus, the kinetics of the expansion dominate over thermodynamics and
degrees of freedom which equilibrate slowly with translation will be far from
thermodynamic equilibrium.

Rotational motion equilibrates rather rapidly with translation so the
molecules in the collision free region show rotational state distribution with
characteristic low temperatures. The same effect occurs for molecular
vibrations to a lesser extent. Complex formation, however, is relatively slow
so that under appropriate expansion conditions, stable van der Waals
molecules may be formed without complete condensation of the expanding
gas.

The kinetics of }complex formation are often complicated. The
synthesis of specific van der Waals molecules has thus been largely
accomplished through empirical variation of the expansion conditions. The
variable parameters available to the experimenter are the initial pressure and

temperature, the final temperature (chosen by selecting the downstream



position where the expansion is analyzed), the carrier gas and the
concentration of the reactants.

Several groups have employed various spectroscopic techniques to
analyze van der Waals molecules prepared in supersonic expansions.
Klemperer and coworkers have determined accurate ground state constants
for many van der Waals molecules using the technique of electric resonance
to measure their radio frequency spectra. Some of the molecules they have
studied are ArHCl,12 ArHF,13 ArCIF,1# KrCIF!5 and HF-CIF.16 Similarly,
Howard and coworkers have used electric resonance experiments to take
microwave spectra of species such as (NO)z.'7

Janda's group has studied the predissociation dynamics of complexes
containing ethylene using the technique of infrared photodissociation.3;18
Here, a vibrational mode in the ethylene moiety of complexes of ethylene
bound to rare gases or other ethylene molecules is excited by bathing the
complexes in CO2 laser radiation and looking for the resulting loss in mass
spectrometer signal as the complexes dissociate.

Bolometer detection has been employed by another group19 to
measure infrared spectra of van der Waals molecules formed in supersonic
expansions.

Levy and coworkers have pioneered the use of optical techniques in
the analysis of van der Waals molecules formed in supersonic expansions. In
addition to studying such molecules as NaAr,20 they have conducted an in
depth analysis of molecules containing I and rare gas atoms.21-28 They
have used the technique of laser fluorescence excitation spectroscopy where
the exciting laser wavelength is scanned while monitoring the total induced

fluorescence to obtain structural and lifetime information for many I-rare



gas molecules. Additionally, they have dispersed the fluorescence resulting
from laser excitation of these complexes to yield values for the van der
Waals binding energies as well as further insight into the dynamics of the
predissociation process in these species. The following dynamical scheme has

been observed for Iz-rare gas complexes:

3 predissociation_ A
Xn—Iz(B Hoa,v') = nX + IZ(B I[°+,v'-n)

h (2)

\ . Vv
excite fluoresce

1 . 1 '
X ~1,(X {;,v =0) 1, (X Eg,v')

where X is one or more of the rare gas atoms He, Ne, Ar, or H2 or Dp. After
vibronic excitation, the complexes contain more than enough vibrational
energy to dissociate the van der Waals bond. This predissociation process has
been determined from linewidth measurements to occur on the time scale of
tens to hundreds of picoseconds, depending on the level of vibronic
excitation. This is orders of magnitude faster than the usec fluores-
cence lifetime of 12 so all fluorescence is detected from the free I fragment
following predissociation. The vibrational energy content of the I
predissociation fragment has been found to reveal, for all but the largest
complexes, the loss of one vibrational quantum per rare gas atom dissociated.
This one-to-one propensity rule is found to hold for vibronic excitation to

lower V' levels. However, at sufficiently high vibrational levels the energy of



the I vibrational quanta are less than the dissociation energy of the van der
Waals bond. Here, the onset of multiple quanta predissociation channels is
observed. This transition from one to two quantum channels has been used to
bracket the dissociation energy of the van der Waals bond within the
anharmonicity of the Iz stretching vibration. Values range from ~14
cm-1 for Hely to ~255 cm-1 for Arl2. Fluorescence excitation spectra of
Hel7 indicate that the complex has a T shaped equilibrium structure.

Similar results have been obtained in our laboratory for NeC1229 from
fluorescence excitation spectra. Here, the predissociation rate in the ground
electronic state was slow enough to also observe NeCl bands associated with
the v" = 1 vibrational level. Efforts to observe analogous bands in I resulted
in the assumption that Iy-rare gas molecules in supersonic expansions
predissociate before reaching the region of laser excitation.2,24,27 Again, a
T shape structure was indicated for NeCl»y.

This thesis reports fluorescence excitation spectra of complexes of Ne
and Brp. As has been the case for Ip-rare gas and NeCl) complexes, bands
associated with NepnBry have been observed slightly blue shifted from Bry
vibronic bands. Again, v' dependent predissociation rates have been observed
from linewidths measured by scanning the exciting laser wavelength and
monitoring the total fluorescence emitted by the resultant Br fragments.

Several workers have theoretically treated van der Waals molecules.
LeRoy30 has done extensive close-coupling calculations to determine the
shapes of potential energy surfaces as well as to calculate rotational energy
levels and analyze the dynamics of rotational predissociation processes. The

problem of vibrational predissociation in van der Waals molecules has been



addressed by Ewing®#31 and by Jortner and coworkers.32-35 Ewing36 has
advanced a momentum gap law to account for the large range of rates of
vibrational predissociation observed for van der Waals complexes. He has
used a Fermi's golden rule expression,

-1

o Rt <y 2

| V| ¥, > (3)

f

where the initial wave function, ¥j, is a Gaussian function describing the
v = o level of the van der Waals stretching mode and the final state,
¥¢, is a rapidly oscillating function corresponding to the free particle
plane wave of the fragments with deBroglie wavelength A = h/p. The
coupling Hamiltonian, V, is shown to be a slowly varying function of the
internuclear separation. Ewing has found the predissociation rate to vary as
a function of the momentum

1/2

where uy is the reduced mass of the complex and AE is given by

AE = W__-D (5)

where Wap is the energy of the vibrational quanta of the chemically bound
species AB and Dg is the dissociation energy of the van der Waals bond. For

near matches of the vibrational energy, WApR, and the dissociation energy,
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Do, the lifetime of the complex is short while if AE and thuspis large,
the predissociation is slow. This can be seen to intuitively follow from
Equation 3. If the fragments leave with large momentum then Vy§ will
oscillate rapidly and have poor integrated overlap with the Gaussian function
¥i. On the other hand, if AE is small and thus V¥f oscillates slowly,
then the integral in Equation 3 will be large and the predissociation lifetime
short. Jortner33 has similarly derived an energy gap law for the specific case
of Iz-rare gas molecules and has done a number of calculations using various
approximations to the potential energy curves in calculating ¥; and Yj

and defining V.
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Experimental

Fluorescence excitation spectra were measured using the instrument
schematically diagrammed in Figure 1. A 10,000 %/s 16" diffusion pump,
roughed with a 47,000 2/s Roots blower and mechanical punp, pumps the 19"
cubic spectroscopy chamber through a 20" gate valve and a 2' long 16"
diameter channel. Van der Waals molecules were synthesized by expanding
gas mixtures at pressures up to 300 psi through a 30 uquartznozzle
into the chamber. Background pressures were less than one mtorr at the
highest stagnation pressures. The nozzle was constructed by drawing 2 mm
ID 8 mm OD quartz tubing to a tapered sealed end. This end was then ground
to create a hole by spinning the quartz tube against fine sandpaper using a
drill press. The grinding was halted the moment methyl alcohol, which had
been placed in the tube, began to leak through the newly formed orifice. The
nozzle was tested on a vacuum chamber equipped with a mass spectrometer
to insure that beams of argon were emitted straight and provided adequate
cooling to allow detection of a large argon dimer signal.

Expansion mixtures of rare gases seeded with bromine were created by
passing the noble gases over bromine which was contained in a stainless steel
u-tube. The u-tube was immersed in a carbon tetrachloride dry ice bath at
-230C. This resulted in the beam carrying an equilibrium vapor pressure of
10.8 torr Brp. It was empirically determined that this partial pressure of
bromine gives the appropriate amount of cooling in the expansion to create
the most van der Waals molecules of neon and bromine. It was also found
that rare gas mixtures of helium and neon produced the highest

concentrations of van der Waals molecules of neon and bromine when the
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Figure 1. Apparatus used to record fluorescence excitation spectra of
species in supersonic free jet expansions.



¥31101d @

0/1
J10SNOD

—

H31NdWOO
JANVHINIVN

d31NdNOD OHOIW (e

-13-

4399141

!

d3svl
Y3WIOX3

vivd

VSOW

AH

NVOS

1

p——pe M 4SYV1 3AQ

4399141

v

dANd
\/// \ 4410
A |
A\
/ ] | I |
> ”l
31ZZ0N :
- - _ _
N !
IXIVA 3LVO

N

dANNd 'HO3W ¥
¥3M018 S,1004



-14-

neon concentration was highest. Therefore, an inexpensive mixture of 90%
Ne and 10% He (Scientific Gases) was used for nearly all the experiments.
Reagent grade bromine (J. T. Baker, assay 100.0%) was used without further
purification.

The molecules in the free expansion were excited approximately 0.5
cm downstream of the nozzle by a pulsed laser beam. The laser source is an
excimer pumped dye laser (Lamda Physik FL 2002) which is grating tuned and
has a bandwidth ranging from 0.23 to 0.33 cm-1 over the wavelength range
521 to 574 nm which is covered by the dye Coumarin 540. The pump laser is
a Lumonics 861-S operated on xenon chloride with a pulse energy of 90 mJ
and duration of 5 nsec. The maximum repetition rate is 30 Hz. This results
in dye laser pulses of 10 mJ and 4.5 n sec which are focused by a 50 cm focal
length lens through a fused silica Brewster's angle window into the center of
the vacuum chamber. Baffle tubes reduce scattered light. Known vibronic
bands of bromine served to calibrate the laser.37,38

Fluorescence was collected by means of a 50 mm focal length aspheric
condenser lens with f-number equal to 0.7. The fluorescence region was
imaged on a set of two dimensional slits which serve to reject scattered light
and pass the selected portion of the fluorescence region to the immediately
- following photomultiplier tube detector (RCA 7265). A color filter could be
placed in front of the phototube. The fluorescence collection and detection
assembly is translatable along the beam axis and the nozzle is movable in
three dimensions so that any portion of the free expansion may be analyzed
at or downstream of the volume of intersection with the focused laser beam.

The photomultiplier tube current signal was measured using a multi-
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channel signal averager. A microcomputer triggered the laser and signal
averager. Channels corresponding to long times after the laser pulse were
substracted from channels corresponding to times overlapping the laser pulse
to remove background. The computer also stepped the dye laser wavelength,
summed the signal from an adjustable number of laser shots, and stored the

resulting spectra on flexible discs.
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Results

Figure 2 shows a portion of the fluorescence excitation spectrum of
the free jet expansion of a mixture containing ~0.1% Br2 in 90% Ne and
10% He. The most intense features are due to the (21-0) vibronic bands of
the B3II0l+] “« Xlzoé transition in the three isotopic species of molecular
bromine. In addition, the (25-1) bands of 79Br8lBr and 79Br, are observed
coinciding with the 81Bro (21-0) band and a feature assigned to Ne8lBro,
respectively. The other three peaks in the spectrum have also been assigned
to van der Waals complexes of neon and bromine. Figure 3 shows an
extension to higher frequency of the spectral scan of Figure 2. Again, the
intense peak originates from molecular bromine. The weaker features which
generally decrease in intensity towards the blue end of the spectrum are due
to complexes containing Br2 and increasing numbers of Ne atoms.

In making the assignments of NepBry (n = 1-4) bands, their intensity
relative to the intensity of the corresponding Br2 bands as a function of
nozzle stagnation pressure was examined. Figure 4 shows this pressure
dependence for the Ne79Br8lBr, Ne»8lBry, and Ne”?Br8lBr features
associated with the Br2 (21-0) vibronic bands. Complex formation in a free

expansion proceeds by one or more of the following steps:

Br + Ne + X ——= NeBrp + X

NeBr2 + Ne + X ——= Ne2Br2 + X, etc.

Here, the collision of the species X is necessary to remove as kinetic energy

the binding energy of the complex. Although the PZ and P% dependences
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Figure 2. Fluorescence_ excitation spectrum of the (21-0) band of the
B3IIOG * Xlzg optical transition in Brp and associated van der
Waals complexes in a free jet expansion. Expansion conditions are
tabulated in the figure. The nozzle was held at room temperature.
A Schott OG 570 color filter was used to reduce scattered laser
light. Note that in this scan the Bry bands are slightly saturated.



1-W3 00G8| o6t 8l 088l
_ _ [
wu - $°0pg 9'0b ¢S 8'0tS O'1vS 2’ 1S
I T
ig,g 3N 3
18\g 186,
CaN
I8y 19, ON ,
8, N+ -
= (1-G2) 0002
¢igg,
Q¢ = 3|ZZON
9N Ul 34 %0l
cig 10} 8°0I
RNY 12) 1sd 092 = d (0-12) — 000t
186, 29
18
(0-12) (1-G2)
18,g 18¢, 18,g 18¢,

(SHun‘quD) ALISN3LNI



-19-

Figure 3. Fluorescence excitation spectrum of the (21-0) vibronic band of
79Br2 and van der Waals features appearing to the blue of this
band. A Schott 0G 570 color filter was used.
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Figure 4. Nozzle stagnation pressure dependence of the integrated band
intensities of (21-0) NeBr2 and Ne2Br7 bands relative to Bry band
intensities.
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expected for NeBr2 and Ne2Br2 complex formation are not fully realized, the
fact that the NeBry band pressure dependences are approximately two
orders stronger than that for NeBro (which itself is enhanced relative to the
Br2 bands at higher pressures) implies that the assignments are valid. An
explanation for these weaker pressure dependences may be the occurrence of

the following types of reactions in the expansion:

Br + Nep — NeBry + Ne, etc.

where Nej should be present in the jet since it is bound by ~30 cm-1.39
Further evidence for the assignments is the fact that all spectral features
assigned to complexes of Ne and Br were absent in spectra taken of
expansions of Br2 in pure helium. In addition, the relative intensity of these
same features proved insensitive to changes in the Bry concentration in the
expansion mixture. These results exclude the possibility that complexes
containing only bromine, i.e. (Brp),, are responsible for the observed spectral
features.

Still further evidence supporting the NepBr2 assignments (as opposed
to their being due to an impurity) lies in the fact that these features .are
found associated with all three Brj isotopic bands (with the appropriate
~1:2:1 intensity distributions) of each vibronic level from (11-0) to (30-
0). Failure to observe complexes associated with bands with V' < 10 is
presumably due to the low signal levels which result from poor Franck-
Condon factors at low v'. Spectral congestion prevented extending the study

to higher v' levels.
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All van der Waals features appear blue shifted with respect to their
associated molecular bromine bands. For a given vibronic band, the shift per
Ne atom bound in the complex is approximately constant. That is, the shift
of Ne2Br) is approximately twice that for NeBr2, etc. However, the spectral
shift per Ne atom increases with v'. This can be seen by comparing Figure 5
with Figure 2. Figure 5 displays the spectral region containing the (14-0) Bry
vibronic bands and associated van der Waals features where a shift per neon
atom of ~6 cm-l s observed while a shift of ~7cm-! isfoundforthe
(21-0) band in Figure 2. A complete tabulation of all measured shifts for
complexes of Ne and Bry is given in Table 1. The absence of data for some
isotopic vibronic bands is caused by coincidences of complex bands with Br2
hot bands, or, for higher v', with other isotopic bands of the same vibronic
transition. These data are displayed graphically in Figure 6.

The shapes of vibronic bands of Bry were analyzed to determine the
rotational temperature of molecules in the supersonic expansion. Known
rotational constants and band origins for Br237:33 were input to a program
which calculates diatomic molecular spectra. Again, comparing Figure 2 and
Figure 5 it is obvious that the resolution of the bromine bands is not constant
but varies with wavelength due to the changing laser bandwidth. Therefore,
the program was made to include a convolution routine which accounted for
the finite excitation bandwidth in the calculated bandshapes. The rotational
level population distribution was assumed to be Boltzman, with characteristic
temperature Trot. A non-linear lest squares fitting routine was used to vary
the rotational temperature, laser bandwidth, and absolute wavelength

correction to achieve agreement with the measured bandshape. This provided
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Figure 5. Fluorescence excitation spectra of the (14-0) vibronic band of Bry
and associated van der Waals features. A Schott OG 590 color
filter was used.
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Figure 6. The spectral shift of van der Waals band origins relative to the
associated Bry band origins as a function of the level of vibronic
excitation. The lines are linear least squares fits to all data for
each complex containing a specified number of Ne atoms.
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a convenient empirical verification of the manufacturer-specified laser
bandwidth versus wavelength as well as deducing the rotational temperature
of the beam. Spin degeneracy was, of course, taken into account and nuclear
spin states were assumed to be unequilibrated. The natural linewidth of Bry
rotational lines was neglected since the nuclear hyperfine splitting is only a
few hundred megahertz#0 compared with a typical laser bandwidth of 0.30
cm-l. Figures 7-9 display the experimental and best fit calculated spectra
for Brp vibronic bands (14-0), (20-0), and (30-0). They illustrate the quality of
the fits which were obtained and show that the laser bandwidth largely
determines the overall appearances of the bands. The rotational temperature
of the jet cooled Brz was found to be 0.950K and nearly all fits to the data
yielded values within *0.05° of this temperature when the stagnation
pressure was held at its maximum of 260 psi. Also, the values for the laser
bandwidth computed from the spectra were in very good agreement with
those specified for the laser.

Figure 10 shows a signal averaged spectrum of the Ne’?Bré1Br band
associated with the (14-0) band of Brp. Figure 11 displays the analogous
spectrum corresponding to the (21-0) band. Comparing the two bands, one
may easily see that the spectrum, on further excitation from v'= 14 to V' =
21, becomes both broader and more symmetric. This trend continues to
higher v' as may be seen in Figure 12, Which shows the fluorescence
excitation spectrum of the (29-0) band of Bry with associated van der Waals
complex bands. The NeBr2 bands at this v' are now several wavenumbers in
width and, except for the Ne’%Bry band, are badly overlapped by the other

isotopic Br bands. Spectra such as this at high v' posed the additional
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Figure 7. Coméauter fit to the excitation spectrum of the (14-0) vibronic band
of 77Brp. The same expansion conditions as tabulated in Figure 5
were used in obtaining the experimental spectrum.
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Figure 8. Computer fit to the experimental excitation spectrum of the (20-0)
vibronic band of 8lBr2. The experimental conditions are the same
as those given for the spectra in Figure 2.
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Figure 9. Computer fit to the fluorescence excitation spectrum of the (3C-0)
vibronic band of 79Bry. Identical experimental conditions were
used in obtaining this data as were used in Figure 2.
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Figure 10. Fluorescence excitation spectrum of the (14-0) vibronic band of
Ne79Br81Br. A Schott OG 590 color filter was used. This is a

signal averaged spectrum with ~10 times the signal as the single
scan of Figure 5.
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Figure 11. Fluorescence excitation spectrum of the (21-0) vibronic band of
Ne’?Br81Br. A schott OG 570 color filter was used. This signal
averaged spectrum is the superposition of 10 scans over the
appropriate wavelengths of the spectrum in Figure 2.



4]-

|-Wd  p6b8l 26b8I 0618l
| | |
wu GG'0bS 09°0+S G90HS 0L 0bS
| I |
0006S
0000
w\ 1MO¢ = 3]2Z0N
9N Ul 34 %0l
PA ©
(0-12) ‘g ot 801 |
i8,g 48¢, °N 1sd 0G2 =d OO0S|

(S+un *qid) ALISN3ILNI



_42-

Figure 12. Fluoresscence excitation spectrum of the (29-0) vibronic band of
Bry and associated van der Waals bands. A Schott OG 570 color
filter was used.
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problem of overlapping Ne272Br81Br and Ne79Br; bands. However, this type
of contamination of Ne’%Br; features was eliminated by reducing the nozzle
pressure to discriminate against the formation of complexes containing more
than one Ne atom. This, of course, resulted in a slightly higher rotational
temperature in molecules in these weaker expansions and this was taken into
account in the analysis of the bands taken under these conditions.

Clearly, there is evidence of lifetime broadening in NeBr; excited to
higher vibrational levels of the Brj B3HOG electronic state. In order to
ascertain to what extent vibrational excitation results in a decrease in the
lifetime of NeBrj, it was necessary to deconvolve the laser bandwidth from
the spectra as well as to interpret the rotational structure of NeBr) bands.

Since individual rotational lines of NeBr; were not resolvable, very
little structural information could be weaned from the spectra. However, the
molecules NeClp%! and He1223 have been shown rather conclusively to have
T-shaped equilibrium structures. In addition it has been found that the
halogen atom separations in these molecules are at most only slightly altered
from what they are in corresponding states of the free diatomic molecules.
Therefore, for the purpose of band shape analysis, NeBr, was assumed to be
"T" shaped with a bromine-bromine distance identical to that in Brp. The
additional assumption that the neon-bromine atomic separation in NeBrp be
fixed at 3.58 /:\, which is the equilibrium binding distance for NeKr
determined from scattering experiments,‘*2 was necessary to complete the
structure. Justification for this assumption is found in the results of Brinza
et. al,%l where spectra of NeCl, were found to be consistent with the

assumption that the neon-chlorine atomic distance in this molecule is nearly
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that seen for NeAr.#2 This assumed structure is diagrammed in Figure 13 for
a sample transition between the v" = 0 and v' = 19 vibronic levels.

An asymmetric rotor spectrum calculating program which included
convolution of the excitation bandwidth and natural linewidth of the
molecular states was used to calculate NeBry band spectra. Rotational
constants calculated from the assumed geometrical structure for NeBry were
input to the program along with values for the rotational temperature and
laser bandwidth which were determined from the fits to the corresponding
Bro bands measured under identical expansion conditions. The non-linear
least squares fitting routine then varied the natural linewidth of the
transition along with the band origin frequency to fit the observed spectra.
The neon-bromine atomic separation was also varied for several of the bands.
Although the fits were largely insensitive to this parameter, no
inconsistencies between the experimental band shapes and the assumed NeBr2
structures were evident.

Examples of fits to NeBr bands are displayed in Figures 14-16. The
linewidths determined from all fits to NeBr bandshapes are included in Table
II. These linewidths are displayed as a function of v' in Figures 17 and 18.
Here it can be seen that the linewidths become undetermined at low v' levels
where it cannot be expected that the fits produce reliable values for
linewidths less than .1/3 of the excitation laser bandwidth. The NeBr;
natural linewidths are shown to generally increase as a function of v' from
v' = 16 to v' = 27 or 28 beyond which the linewidths decrease.

Figure 19 shows a signal averaged spectrum of van der Waals complex

bands where the number of Ne atoms bound in the complexes varies from 1-3.
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Figure 13. Example structures used to calculate rotational constants for the
computer fitting of NeBry vibronic bands. Bond distances are in
angstroms.
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Figure 14. Computer fit to the Ne72Br8lBr (16-0) vibronic band shape. The
laser bandwidth was 0.27 cm-1,
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Figure 15. Computer fit to the Ne/9Br81Br (21-0) vibronic bandshape. The
laser bandwidth was 0.30 cm-1,
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Figure 16. Computer fit to the Ne’?Br8lBr (25-0) vibronic bandshape. The
laser linewidth was 0.31 cm-1.
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Figures 17 and 18. Natural linewidths of NeBry bands determined from
computer fits to the bandshapes as a function of the level of
vibronic excitation. The error bars are intended only to give an
idea of the relative accuracy of data points and are not to be
taken as absolute standard deviations. Data points at low v' for
which no error bars are shown in fact have extremely large
uncertainties.
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Figure 19. Signal averaged fluorescence excitation spectrum of a portion of
the scan in Figure 3 showing (12-0) bands of van der Waals
complexes containing 1-3 Ne atoms.
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It can be clearly seen that the width of these features increases with the
number of Ne atoms in the complex. No attempt was made to fit band shapes
for complexes containing more than one neon atom. Thus, it is difficult to
determine whether the increased width for these complexes is due to shorter
lifetimes or simply broader rotational structure. Bands of Br and NeBr2,
however, form a head in their R branches at very low J.43 Therefore, upper
limits to the linewidths of NepnBrp bands for n= 2-3 were estimated by
measuring the half-widths of the bands to the blue side of the observed
features. These estimated upper limits to the linewidths of larger complexes

of Ne and Br; are included in Table II.

Table . Natural linewidths of van der Waals bands n cm-l. NeBr»
linewidths are determined from computer fits to the data. Widths
for all other complexes are upper limits estimated from the half
widths of R branch heads. Error limits are only indicative of the
ability of the fits to determine the linewidth and should not be
taken as standard errors.

v' NedlBr, Ne’79Br, Ne79Br81Br Ne,Brs
11 - _- 0.002 -
12 0.03 * 0.06 0.001 -- 0.001 --
13 0.001 - o -
14 0.018 * 0.06 0.155 % 0.03 0.014 *0.026 --
15 0.015 * 0.07 - 0.001 --
16 0.036 * 0.05 0.089 * 0.03 0.011 *0.02 -
17 0.102 * 0.08 0.06 0.070 * 0.01 --

18 0.162 * 0.03 0.309 * 0.01 0.072 * 0.02 --
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Table II. Continued.

V' Ne8!Brj Ne’79Brp Ne’9Br81Br  Ne?Br  Ne3Brp
19 0.376 * 6.10 0.614 + 0.12 0.290 + 0.97 - -
20 - -- 0.376 + 0.06 - -
21 - 0.400 + 0.02 0.346 * 0.03 1.1,0.9 1.3
22 - 0.738 * 0.04 - - -
23 0.800 + 0.09 - 0.561 * 0.07 - -
24 - 0.937 * 0.04 0.655 * 0.06 - -
25 1.36 *0.07 1.09 * 0.05 1.04 * 0.06 - -

26 1.69 *0.17 2.38 1 0.35 - — -

27 197 *0.15 3.12 * 0.16 -- W -
28 -- 250 £ 0.12 - 2.7 --
23 - 2.8% % 0.20 - 3.2 -
30 - 1.88 * 0.29 -- 3.9 -

Finally, it should be noted, that in determining the spectral shifts of
NeBr, bands from their associated Bry bands, the origins determined from
the fits to their bandshapes were used and this is how the data in Table I and
Figure 6 were obtained. For the case of larger complexes, however, the band
origins were assumed to coincide with the peak of the band profile and the

shifts of these points from the corresponding Br) origins are reported.
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Discussion

The spectral shifts of NepBr2 bands relative to the parent Br2 band
origins provide information about the binding in these complexes. First, the
complex bands are always observed at higher frequencies than the Br;
vibronic bands. This implies that the van der Waals well depth in the excited
electronic state is less than in the ground state. Secondly, since the shifts
increase with excitation to higher vibrational levels of the excited electronic
state, it can be deduced that the dissociation energy of these complexes
decreases with increasing vibrational energy content in the Br bond. This
effect is small, however, indicating a change in binding energy of only a
ccuple of wavenumbers for NeBry over the range of vibrational levels v'=
11 -30. Thus, it may be concluded that the Ne-Br bond has only a very
small effect on the electronic structure of Brp in either the ground
X120§ or excited B3Nk state. This is very similar to the results
obtained for complexes containing 1221’24927 and C1229s“ and is also

consistent with the structure assumed here for NeBr»

The additive nature of the shifts for increasing numbers of Ne atoms
bound in the complexes provides some insight into the structures of these van
der Waals molecules. It indicates that successive Ne atoms are bound in
roughly equivalent positions around the Br molecule. Levy and co-workers
have forwarded two alternative structures to account for this constant nature
of the shifts for Nepl2 molecules with n = 1 -6.27 (The shift for Neyl, was
found to be inconsistent with the assumption that the seventh neon atom
occupied a position equivalent to that of the first six.) They suggest either a

belt model where all Ne atoms occupy equivalent equatorial positions about
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the halogen-halogen bond or an ethane-like structure.  The former
configuration is preferred here in light of the T-shaped structures indicated
for He1223 and NeClz“l and the fact that the NeBr; band shapes reported
here are also found to be consistent with a T-shaped equilibrium structure.

The linewidths of vibronically excited NeBrp, which are graphed in
Figures 17 and 18 as a function of v', have been replotted on a log scale in
Figure 20. Since the crossing of the dissociative lmu state with the
BBHOG state of Brp occurs at v'= .3,%%these linewidths for bands withv' =
11-30 are considered to be determined by vibrational rather than electronic
predissociation. Furthermore, electronic predissociation would result in non-
fluorescent Br atoms as products, and thus a decrease in signal would be
observed as the rate of this process were to increase. No decrease in signal
with increasing linewidth was observed.

The line in Figure 20 is a linear least squares fit to the data points
corresponding to Vv'= 16 through v' = 27 with equal weights given to all data
points used in the fit. The linewidths for vibronic bands with v' < 16
were not included,because they are not believed to be reliable due to the fact
that the widths at these v' are much less than the exciting laser bandwidth as
may be seen from Figure 17. The linewidths for v' > 27 will be
discussed presently. The slope of the line in Figure 20 is 0.15 log cm- /v,
This is a far weaker dependence on V' of the rate of vibrational
predissociation than was determined both experimentally25 and
theoretically#> for Hel,,where an approximately quadratic behavior was
observed. However, it has been pointed out that the calculated

predissociation rates depend to a large extent on the details of the particular
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Figure 20. Semi-log plot of the data displayed in linear fashion in Figures
17 and 18. The line is a linear least squares fit to the data points
corresponding to v' = 16 through v' = 27,
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model potential chosen.33;,46 Thus, explanation of this weak dependence on
v' must await detailed calculations for the specific case of NeBr>.
The predissociation lifetimes of NeBro calculated from the measured

linewidths using the relation
o= (2w (Fwaw) )7L,

where W, the linewidth, is in Hz, range from 84 psec for v' = 16 to 1.7 psec
for v' = 27. Extrapolating the line in Figure 20 to v'= 1, a predissociation
lifetime of 15 nsec is predicted for NeBr, with one quantum of vibrational
energy initially localized in the Br7 bond.

In spite of concerted efforts to observe van der Waals complex bands
associated with vibronic bands of Br, originating from the v" = 1 level (which
had appreciable intensity as may be seen in Figs. 2 and 5), no such features
were detected. It is estimated that if bands corresponding to vibrationally
"hot" NeBr; were present, their intensity must be at least 10,000 times less
than the corresponding Brp vibronic bands. It is therefore assumed that
NeBrp in the v" = 1 level of the Brp Xlzog state predissociates before
reaching the intersection of the exciting laser and the molecular beam. This
places an upper limit to the predissociation lifetime of NeBr2 in the v' =1
vibrational level of 10 usec,determined by the time-of-flight from the nozzle
to the laser interaction region.

In light of Ewing's momentum gap 'cheory36 and Beswick and Jortner's
energy gap law33 one would predict that the rate of predissociation would

reach a maximum when the energy of the vibrational quanta of the
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chemically bound portion of the complex was resonant with the dissociation
energy of the van der Waals bond. Since diatomic halogen molecules have a
finite anharmonicity, excitation to successively higher vibronic states, where
the vibrational quanta become smaller, should eventually reach this
resonance. Further excitation should result in the closing of the single
quantum predissociation channel and the opening of a two quantum channel.
This effect is believed to be responsible for the decrease in linewidths for
NeBrp vibronic bands with v'> 27 which is clearly seen in Figure 18. The
known vibrational level spacing in Bry between states v' = 27 and v' = 26 is
thus an estimate of the van der Waals bond dissociation energy in
electronically excited NeBry. This value is 64 4 cm-! where the
anharmonicity of B3HOG Bry38 is chosen as the estimated error.
Subsequently, by adding the spectral shift of ~9 cm-! to this upper state
Dy, an estimate of 73 cm-1 is obtained for the dissociation energy of ground
electronic state NeBrj. Sharfin &a_l.“‘6 have observed this same effect in
higher (v = 57) vibronic bands of Hel while Beswick and co-workers#7 have
performed detailed calculations on this molecule which qualitatively predict
this behavior.

Although the theoretical approaches have achieved significant success
in predicting the qualitative nature of vibrational predissociation in van der
Waals molecules, they have been struggling to reach absolute agreements.
The theories have advanced some simple approximate expressions for these
predissociation lifetimes. = Ewing36 has correlated the predissociation
lifetimes from detailed calculations on numerous van der Waals molecules

with the dimensionless parameter
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1/2
(20, (Wyg-D )/

DP = o

where o is the range parameter of the Morse potential used to describe the

van der Waals bond. He found the relation

log t = 0.75DP - 11.8

to approximately hold for over 20 orders of magnitude in . Values of
DP were computed here for several states of NeBry. The experimental
values for Dg and the vibrational level spacings, WaR, determined from the
Bry absorption measurements of Coxon and coworkers37,38 were used. A
value of 1.4-108 cm-! was assumed for o which is the range parameter
determined for Nelp from the frequency of the van der Waals stretch in this
molecule.27 The corresponding 