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Fragment rotational distributions from the dissociation of NeBr 5
Experimental and classical trajectory studies

Mehdi Nejad-Sattari and Thomas A. Stephenson®
Department of Chemistry, Swarthmore College, Swarthmore, Pennsylvania 19081-1397

(Received 21 October 1996; accepted 31 December)1996

The Br, fragment rotational distributions that result from the vibrational predissociation of NeBr

the B electronic state have been measured for several initial vibrational levels. In each case, the
rotational distributions extend to the effective energetic limit determined by the amount of energy
available E,,) for disposal into the fragment rotational and translational degrees of freedom.
Analysis of the data allows refinement of the NgBlissociation energy; we find th&t,=70.0

+ 1.1 cmi ! for the X electronic statey =0. BothAv = —1 and—2 dissociation events have been
examined. For dissociation pathways with approximately the same vallke, pthe Av=—2
pathways are observed to have a higher fraction of the fragment energy in rotational excitation. The
overall shape of thsv = —1 distributions are insensitive to the value Bf,,, suggesting that a
Franck—Condon model for the dissociation may have some validity, though quantitative quantum
mechanical calculations demonstrate that this model does not reproduce the large degree of
fragment rotational excitation. Two classical models for the dissociation also fail to reproduce the
extent of fragment rotational distribution. This result is discussed in light of previous experimental
and theoretical investigations, focusing on the apparent agreement of classical models with the IBr
fragment rotational distributions that result from the dissociation of NelBr.19®7 American
Institute of Physicg.S0021-960807)02013-9

I. INTRODUCTION rare gas—halogen interaction potenti@ften represented as
a sum of atom—atom pair potentiglgjuantum mechanical

Photodissociation fragment rotational distributions havesimulations of fragment rotational distributions are in reason-
proven to be an important experimental diagnostic of theable agreement with the experimental measurements on rare
depth and anisotropy of intermolecular potential energy surgas—IC#**2and rare gas—gi~"°***"complexes.
faces, along with providing insights into the mechanism of  One of the striking discrepancies in the experimental and
elementary fragmentation everit$As prototype systems for theoretical results to data has been the relevance and utility
more traditional chemically bound molecules, studies of thesf classical simulations to understanding the dissociation of
fragmentation of rare gas—halogen van der Waals moleculegre gas—halogen complexes. Drobits and Lester found that
have occupied an important place in this field. The result othe quantum number for the ICI rotational level most popu-
over two decades of experimental investigations has been|ated (in the dissociation of NelGlvaries linearly with the
large number of binding energies, equilibrium geometriesgquare root of the total fragment energy; the similarity of this
empirical potential energy surfaces, and fragment producgependence to that derived from the application of classical
rotational and vibrational state dlStrlbUth?'lg—hIS experi- inelastic Scattering concepts was no%édfxtending these
mental activity has been accompanied by significant theorefgeas, Waterlandt al. investigated the semiclassical dynam-
ical investigations that have in some cases prompted morgs of the HelCl molecule and found that features in the
and better experimental measureménts. rotational distribution could be identified as classical rota-

Experimental studies of diatomic halogen fragment in-tional rainbows® Quantum mechanical calculations per-
ternal state distributions date to the pioneering work by Levyformed on HelCl confirm the general premise of the classical
and co-workers on rare gas—komplexes in the late models, i.e., that final state interactions between the recoiling
1970's?° In this work, dispersed fluorescence was used Gragments and not initial state preparation or the quantum
measure fragment vibrational distributions. More recently, dynamics associated with vibrational coupling dominate the
Lester and co-workers used pump—probe techniques to e¥srmation of rotationally excited fragmerftsMlost recently,
amine the ICl rotational and vibrational distributions that re-\ye have found that the semiclassical approach taken by Wa-
sult from the fragmentation of Nel&€** and HelC*  tgrjand et al. provides an excellent fit to the IBr fragment
Janda and co-workers have expanded on this development jgtational distribution from the dissociation of Nel®.
their elegant and detailed studies of rare gas**Ct” and Contradicting these results, Janda and co-workers find
HeBr,*** complexes and we have reported on the fragmenyat the dynamics of the rare gas»€bmplexes are consis-
ro.tational distributions fr(?m NeIBr ina previous rgport from ient only with quantum mechanical calculations. Specifi-
this laboratory”” Even with relatively simple excited state ¢4y, for NeCb, the rotational distributions are insensitive to
the total energy available for disposal into the translational
dAuthor to whom correspondence should be addressed. and rotational degrees of freedofk,,), suggesting that
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classical scattering concepts are inappropriate for thispectroscopy® The focus in this work was on complexes
molecule?® Cline et al. suggest that a Franck—Condon excited tov =10 of theB electronic state, which generate,Br
model—in which the rotational distribution is derived from a fragments irv =9. In these experiments, the probe laser had
projection of the initial bending state wave function onto thea bandwidth that was too large to cleanly resolve the rota-
fragment diatomic rotational states—is consistent with thigional structure, so no attempt was made to assign indepen-
insensitivity toE,,.2® These workers note, however, that the dent populations to individual fragment rotational states. A
Franck—Condon model does not account for other features d¥oltzmann distribution of rotational populatioi$=6.9 K)
the observed distributions, such as their bimodal charactewas found to reproduce the photofragment excitation spec-
Three-dimensional quantum mechanical calculations do retfftum within the resolution of the experimental data. This
produce the essential features of the fragment distributiontemperature corresponds to an average fragment rotational
that result from the fragmentation of NeQlRef. 2§ and  energy of 5 cm?, a result that is small compared to the 70
HeCl,.2® Additional experimental and theoretical studiescm * of energy available for disposal into the rotational and
have demonstrated that intramolecular vibrational redistributranslational degrees of freedcth.
tion is an important part of the dynamics of AsCind is In this manuscript, we report on our measurements of the
further evidence that neglect of the quantum dynamics of th&r, fragment rotational distributions that result from the vi-
vibrational energy redistribution that must precede dissociabrational predissociation of NeBrOur experimental appa-
tion can be a serious omissiéh%17:30 ratus and procedures are described in Sec. Il, followed by
These conflicting results present an ambiguous picture gpresentation of our experimental results in Sec. Ill. In Sec.
the photofragmentation of rare gas—halogen van der Waaly/, our computational studies, focusing on classical trajec-
molecules. A central uncertainty is the limits of the validity tory calculations are described. In Sec. V, we discuss all of
of “classical” concepts in modeling the dissociation and ex-these results in light of the extensive extant data and calcu-
tracting quantum state distributions. Attempts to develop inlations on rare gas—halogen van der Waals molecules.
tuitive physical models for these processes—and by exten-
sion more general phqtofragmentatlon regcnons—rely_ On &) EvPERIMENT
understanding of this issue and has provided the motivation
for our current investigation. Specifically, with the light, Br, rotational distributions resulting from the dissocia-
homonuclear Gland the heavy, heteronuclear IBr fragmentstion of the NeBg van der Waals complex were detected us-
providing extreme examples in the application of classicaing a pump—probe excitation scheme. The wavelength of the
concepts to the dissociation of rare gas—halogen complexegump laser is fixed to prepare NeBnolecules in a specific
we sought to reexamine the vibrational predissociation dyvibrational level of theB electronic state using the well char-
namics of NeBy in the B electronic state. acterizedB+« X electronic transition. Following a delay of 15
The NeBp van der Waals molecule was first observedns to assure dissociation of the complex, the probe laser in-
by Swartzet al. using laser-induced fluorescence excitationterrogates the fragment distribution using tBe-B transi-
spectroscopy® Vibrational levelsv =11-30 in theB elec- tions at~305 nm. TotalE— B emission was detected as a
tronic state were observed; the shape of the excitation fedunction of probe laser wavelength, yielding a excitation
tures were consistent with a T-shaped geometry for the comscan with intensities that reflect the Bfragment ro-
plex. Based on an analysis of the homogeneous width of theibrational populations. Favorable probe transitions for par-
NeBr, transitions, the vibrational predissociation lifetimes ticular Br, product vibrational levels were selected by refer-
were found to decrease with increasing vibrational quantunence to theE<—B Franck—Condon factors calculated by
number in a manner that is consistent with the “energy gap”Berwanger, et al,*° In all cases, theB—X transitions
or “momentum gap” relation$® In a higher resolution ex- pumped are due to the Ki&r, complex so that the detected
periment, Thommeret al. resolved the rotational structure fragments are the homonucle&Br, molecule.
associated with th¢10,0 B« X transition in NeBj and The experimental apparatus used in this investigation
demonstrated conclusively that the molecule assumes las been described in detail in previous reports from this
T-shaped geometry/. A lifetime of 355 ps was determined laboratory>>*14?Briefly, NeBr, van der Waals molecules are
from an analysis of the homogeneous linewidth of the feagenerated in the pulsed supersonic free jet expansion of a gas

tures observed. mixture composed of 20 Torr of Band a 10% Ne, 90% He
The Br, fragment quantum state distribution that resultscarrier gas at a total pressure of 300 psihe Br, reservoir
from the dissociation of NeBmwas measured by Clinet al.  is held at—15 °C to achieve this vapor pressyr&he ex-

using the dispersed fluorescence technitjiEhey find that  pansion source is a pulsed solenoid val@eneral Valvg

for B state vibrational levels with <27, Av=—1 dissocia- with an orifice diameter of 15um. Our pump laser is a
tion processes dominate the dynamics. Analysis of the obNd®**-YAG pumped dye lasefContinuum Lasers YG580-
served rotational contours in terms of a Boltzmann distribu30/TDL-50) operating with Rhodamine 590, Coumarin
tion for the quantum state populations reveals that little 0f540A, or Coumarin 500 laser dy€Exciton) over the wave-
the available energy is channeled into fragment rotation. In éength range 524-580 nm. The probe laser is,gpbimped
separate investigation, Sivakumetr al. examined the rota- dye laser(Laser Photonics UV24/DL14Poperating with
tional distribution that results from the dissociation of NeBr Rhodamine 610 laser dy&xciton). With the intracavity &a-
using two-color pump—probe laser-induced fluorescencéon installed, this laser typically generates pulses with an
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energy of~300 uJ at 617 nm. Tuning of the probe dye laser
wavelength is accomplished by pressure scanning with N
gas. The visible output of the probe dye laser is frequency
doubled with KDP in an autotracking second harmonic gen-
erator (Inrad Autotracker Il and combined with the pump
laser beam using a dichroic filter. The merged pump and
probe laser beams intersect the supersonic free jet expansion
at a right angle to the expansion axis 30 nozzle diameters
from the source. In a typical experiment, the delay between
the pump and probe laser pulses was fixed at 1FrsB {
laser-induced fluorescence was collected bffla2 optical
system and detected by a UV sensitive photomultiplier tube
(Thorn/EMI 9813QB. The photocathode was spatially (b)
masked to substantially eliminate Doppler broadening; scat-
tered light from the pump laser was eliminated using a col-
ored glass filte(Hoya Optics U-34D The output of the pho-
totube was routed to a gated integratStanford Research
Systems SR250 Integrated fluorescence intensities were
stored on a laboratory computévlacintosh lic) using Lab-
View software(National Instrumentis

(a)

As in our earlier investigation on IBr fragments from the e e A A
dissociation of NelBF®*? we have demonstrated the ease 120 00 80 60 40 2000
with which the intense halogen valence to ion-pair electronic Probe laser frequency (cm’)

transitions(such as thé«—B transition in B!é) can be Satl_J' FIG. 1. (1,14 E<B fluorescence excitation scan of . Bragments from the
rated by only moderate laser pulse energies. In these invegissociation of NeBrprepared in the =15 level of theB electronic state.
tigations, after filtering out the visible dye laser fundamental,(@ Experimental datah) simulated spectrum using rotational state popula-
we attenuate the ultraviolet probe laser intensity with neutrafions derived from a least-squares fit to the experimental data.
density filters to assure that the probe transition is unsatur-
ated. Typical probe laser pulse energies were 100 nJ, though
scans were recorded with pulse energies that were higher ag@ectrum. The rotational populations that are derived from
lower to assure that the rotational distributions did not showthese data are displayed in Fig. 2. The error bars shown in
any systematic dependence on laser pulse energy. As notggy. 2 reflect the distribution of populations for a particular
earlier, the delay between the pump and probe laser wagtational level derived from different data sets. The uncer-
typically fixed at 15 ns. To assure that the observed distributainties are significantly larger for the lowgltevels because
tions were nascent, scans were also recorded with delays @straction of populations in the bandhead region is highly
long as 100 ns. No systematic dependence of the rotationglisceptible to relatively small levels of noise in our spectra.
distributions on this delay setting was observed. Finally, the  |n Fig. 1(a) an intensity alternation in features originat-
photodissociation of chemically bound species is frequentlying from even and odd Brrotational states in th& elec-
accompanied by a substantial degree of alignment of theonic state is clearly seen. In their studies of the dissociation
photofragments with respect to the polarization axis of theyf the NeC} and HeC} molecules, Clineet al. observed that
phOtO|ySiS Iasei".g The ramification of such an effect in the the CE fragments Obeyed parity conservation due to the sym-
present experiments would be deviations of the relative rotametry of the van der Waals potenti@nd the homonuclear
tional line strength factors for the probe transition from thosecharacter of the diatomic haloge??® Excitation of com-
given by the traditional Haol—London factors. To test for the plexes to single rotational levels with+) parity generated
presence of alignment in the dissociation of NgBre re-  Cl, fragments with only even values of the rotational quan-
corded rotationally resolved photofragment spectra while secum number,j, while complexes with(—) parity generated
lectively detecting emission polarized parallel and perpenfragments with only odd values §2®?In NeBr,, the same
dicular to the pump laser axi§The probe and pump lasers effect is operable, with the thermal distribution of population
are polarized perpendicular with respect to one andth&r.  among the rotational levels of the complex and the nuclear
Systematic dependence of the spectra on the polarization @bm statistics generating a mixture ()f—) and (—) parity
the detected emission was noted. We assume, therefore, thatational levels in the ground electronic state. In addition,
alignment of the By fragment is negligible. the homogeneous broadening of tBe-X excitation fea-
tures and the=0.25 cm ! bandwidth of our pump laser con-
spire to make excitation of a sing state rotational level
impossible. Thus our pump laser prepares complexes with an
In Fig. 1, we display a typicdE«< B fluorescence exci- indeterminant mixture of+) and (—) parity, which gener-
tation scan of thes=14 Br, fragments that result from the ates a mixture of even and oddragment rotational levels.
dissociation ofv =15 NeBy,, along with our best fit to the This mixture will vary with the NeByvibrational state popu-

Ill. EXPERIMENTAL RESULTS

J. Chem. Phys., Vol. 106, No. 13, 1 April 1997
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0.12 — Pump v = 15, probe v = 14 Based on a model presented first by Cliaeal. for
' NeCl,?® we have previously detailed the corrections that
0.09 - " must be made to binding energies derived from the termina-
{ } tion of fragment rotational distributior’S.Briefly, the analy-
I

sis presented above assumes that the dominant energetic con-

0.08 { straint on the population of fragment rotational energies is
: {} the asymptotic energie@.e., the energies at large Ne—Br
s } H separationsof the B, rotational levels. In fact, rotational

} } £ excitation of the fragments implies a degree of orbital angu-

T

"is $oeaa lar momentum in the complex and a resulting centrifugal

0.03

Fraction of total population

0 . . . .
' ' barrier in the van der Waals potential. Cliaeal. proposed a
0 6 12 18 24 30

i procedure for estimating the magnitude of the centrifugal
barrier and the correction factor required to adjust the de-
FIG. 2. Distributions of rotational states in=14 following theAv=—1  rived binding energy® In the interest of brevity we omit a
dissociation 0fv=l§ NeBy,. The distribution is normalized such that the detailed discussion’ but once the Centrifuga' barrier is esti-
sum of the populations equals one. mated, the revisedB state, v=27 binding energy is
60.12<D,=<60.91 cm’. An additional uncertainty in the
derivation of the binding energies is the degree of rotational
lated as the underlying rotational structure due to the comaycitation in the NeBrcomplex prior to dissociation. Under
plex changes with the vibrationally averaged Bondlength. o, experimental conditions, we have found the rotational
To simplify the display of these distributions and to facilitate temperature to be 0.9 K, suggesting that more that 90% of

comparisons betvyeen Nej?:wibrationa] Igve'ls, we have o complexes have less than 1.4 ¢rof rotational energy.
separately normahz_ed the even and qddlstr|bu_t|on_s and .The presence of rotational excitation has the effect of under-
plotted them on a single axis system as shown in Fig. 2. Th'éstimating the true value d, by up to 1.4 cmi. We in-
ha;thTagngtrgf grrsgegtmgl aril (r?‘,rib%urrs(de:)tr;bnudtl?f? ?ostallf Ourcorporate this possibility into our calculation by extending
bump prep qu u the range of possible dissociation energies by this amount.

tIOn?r|1 Ili;lelsé we present the Bfragment rotational distri- Our final estimate is then 609D(=62.3 cm’ or
g- P g Dy=61.2+1.1 cm ! for the B state,u =27. From the band

ions that arise from NeBfollowing excitation veral g o )
but o! s that arise 0 eB o’owing € citation to severa shift of the NeBg B« X excitation features relative to those
additionalB electronic state vibrational levels. In each case 36
uncomplexed By,>® we can calculate th state,uv =0

the fragments are produced after the loss of one quantum of. I . o
9 P 9 issociation energy and the dissociation energy for oBer

vibrational energy(a Av=—1 process In Fig. 3a) the ro- ) . .
gy(@ Av b 5 g- 33 state vibrational levels. ThB state values are presented in

tational distribution for they =10—v =9 dissociation chan- Table I theX —0 di - i found to b
nel is shown along with th&=6.9 K Boltzmann distribution '€ 1 the Statfl’v =0 dissociation energy Is found to be
Dy=70.0£1.1 cm -.

derived by Sivakumaet al. for the same process.Consid- _ _ _ ,
Table | summarizes the energetic data for the dissocia-

ering the severe constraints imposed by the form of a

Boltzmann distribution, the agreement with our higher resolion Pathways that we have examined. The energy available

lution data is excellent. for disposal into the rotational and translational degrees of

Cline et al. measured the fragment vibrational state dis-fé€dom in the fragmentéE,,) is shown, along with the
tribution that results from the dissociation of NgBnd ob-  average fragment rotational enerd§,y, calculated from
served tha =27 is the highest vibrational level for which the observed rotational distributions,,, is the highest rota-
Av=—1 fragmentation products are obser?8dissuming 'gon_al IeveI.observele_th statistically s.lgn.n‘lcant population.
that the energetics of the dissociation provide the dominankav iS the highest rotational level thatasailableto be popu-
constraint leading to this observation, these authors werited given the available energy and the estimated height of
able to derive a binding energy of 62 cm * for NeBr, in the centrifugal barrier. Note that in most cases, the measured
the B electronic statey =27, and 7&:2 cm ! for the X state, ~ rotational distributions extend to approximately the maxi-
v=038|n Fig. 3f), we note that following dissociation of mum value ofj consistent with the maximum available en-
v=27 NeBp, the rotational distribution in =26 fragments €rgy. Indeed, given the limitations on the accuracy of our
terminates aj=7. (Note that our least-squares fitting routine model for the centrifugal barrigiparticularly for higher val-
assigns small populations fo=8 and 9, but that the error ues ofj), we consider it likely that all of the rotational dis-
bars make these values experimentally insignifigaife in-  tributions for Av=—1 fragmentation pathways extend to
terpret the termination of this distribution as reaching thetheir effective energetic limits.
energetic limit for dissociation of the complex with loss of The fragment energetic information in Table | can be
one quantum of vibrational excitation. Using the known ro-directly compared to the rotational infinite order sudden ap-
tational constants for®Br,,** we can, therefore, further proximation calculations of Buchachenkbal® Using a va-
bracket the dissociation energy for tie state,v =27, as riety of model potential energy surfaces, these investigators
60.57<D,<61.22 cm !, orD,=60.90+0.33 cm %, in agree-  calculate values ofE,,) that are substantially smaller than
ment with the lower resolution result of Cliret al® those revealed in our experiments. The variation of the cal-
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FIG. 3. Distributions of rotational states resulting fralw =—1 dissociation events in NeBrEach distribution is normalized such that the sum of the
populations equals onéa) v =10—v =9. The Boltzmann distribution is that derived in Ref. 88 v =21—v=20; (c) v =22—v=21; (d) v =24—v=23;
(e) v=26—v=25; (f) v=27—v=26.

culated values ofE,,) with B state vibrational level does, the behavior observed for NeGE but is quite different from
however, mimic the experimental dafa. that observed in NelCY

In Fig. 4, we have plotted several of the rotational dis- In Fig. 5, rotational distributions that arise when NgBr
tributions that result fromdv =—1 dissociation events on the dissociates with the loss of two quanta of vibrational excita-
same axis system. Note that the horizontal axis is rotationaion (Av =—2 processesare displayed. In general, we find
energy, not rotational quantum number, so that the effects dhat the distributions extend to much higher rotational levels,
varying rotational constants with Bwibrational state are and that the fraction of the available energy that appears in
eliminated.(We have omitted the error bars on this figure for fragment rotational excitation is intermediate to the extreme
clarity.) Aside from different values of ., these distribu- values observed fahkv =—1 processeéTable |). A detailed
tions are the same within experimental error. This insensitiveomparison of Table | reveals, however, that for dissociation
ity of the form of the rotational distribution t&,, (aside events with similar values ofg,, (v=10—v=9 and
from the position of the energetic cutpfs reminiscent of v=27—v=25, for example, or v=15-v=14 and

J. Chem. Phys., Vol. 106, No. 13, 1 April 1997
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TABLE I|. NeBr, predissociation energetics.

DO Eavl <Erot>
Initial v (cm™ Final v (cm™ (cm™ (Ero)/Eaui Jav J max
Av=-1
10 64.3 9 67.7 51 0.075 29 29
15 63.6 14 48.7 5.4 0.11 26 28
21 62.0 20 25.6 4.1 0.16 20 20
22 62.5 21 21.0 4.0 0.19 18 18
24 62.4 23 12.9 2.8 0.22 15 15
26 62.0 25 5.4 1.4 0.26 10 11
27 61.2 26 2.3 0.6 0.26 8 7
Av=-2
24 62.4 22 92.3 8.1 0.088 35 34
26 62.0 24 76.7 114 0.15 33 38
27 61.8 25 69.6 9.0 0.13 32 36
29 60.4 27 55.3 8.5 0.15 29 33

v=29-v=27), the Av=—2 pathways result in signifi- of energy in the vibrational predissociation. Surfaces of this
cantly higher fractions of the total available energy beingform have been used with considerable success in simula-
channeled into fragment rotational excitation. As in the casgjons of the dynamics of Hgl*? HelCI2 and NelCI*® In

of Av=—1 pathways, we observe population in rotational 5qgition, quantum wave packet calculations carried out on
levels that are substantially at the energetic limit for rota-HeCI2 and NeC} show little sensitivity to the addition of a

tional excitation. Note that the high va_llues of rotatlonallcmg range 1R® tail to additive atom—atom potentials.
guantum number accessed make our simple model for the . . )
A more serious uncertainty regarding the NgBoten-

centrifugal barrier used in our calculation gf, particularly ] ,
suspect, such that discrepancies betwiggrand ], (Table fual energy surface arises in t_he context of several repent
) are not considered significant. investigations that point to the importance of energy minima

in linear configurations for rare gas—Cand CIF van der

45-49 -
IV. COMPUTATIONAL MODELS FOR FRAGMENT Waals complexes2®*In HeCl, for example, multiple
ROTATIONAL EXCITATION minima on the ground electronic state potential surface are

found to be essential to obtain an adequate theoretical fit to

th tln Ou:tp;’eVIOl:E redp_ort on :_he IB; r’il)talltéonal dIStI’I%Ut:ﬁnS experimental spectroscopic and scattering data. the ex-
at result from the dissociation of Nelbr, we used thre€ ;.4 ojectronic states, however, the consensus view is that
approximate computational models to explore the qualitativ

origin of the IBr rotational excitatiof® In our current inves- e minima in the T-shaped geometry are adequate to repro-

tigation of NeBg, we have applied these same models to arfluce lgggh the dynamics and spectroscopic measure-
investigation of the By rotational distributions. While none Ments,”~"the potential surface adopted for our NgBtud-

of these models provides the accuracy of quantum dynamid§s is in accord with this result.

simulations, they do allow us to explore the essential forces

that govern the disposal of energy in the vibrational predis-

sociation process. In the sections that follow, we briefly re-

view the implementation of these models; for more complete

details, the reader is referred to our previous work on 012
NelBr.®® g .
Each of these calculations requires a model potential en- .‘§ 0.09
ergy surface for NeBrand our model surface is displayed in ~ § 2, : gzﬁz:: 12 g:zgz::%
Fig. 6. To construct this surface, we assume that the Ne—Br E 006 "o x  Pump V=21, probe v = 20
interaction potential energy at a particular point in space can ‘%b
be written as a sum of two Ne—Br interactions. The indi- g ‘&
vidual atom—atom interactions are modeled as Morse poten- 'g 0.08 od:‘* o
tials; the potential parameters abe,=42.0 cm}, «=1.67 * o TR e o
A~1r,,=3.90 A, and are the same as those used to describe 0 - T T TEete® o
the Ne—Br interaction in NelB¥ As a sum of atom—atom 0 10 20 30 40 50
Morse potentials, this surface lacks the propeR®1func- Rotational energy (cm"”)

tional form for large Ne—By distances. Given the approxi- o _ o
mate nature of the models that we implement in this work "'C: 4 Distributions of rotational states for thrée =-1 dissociation
events in NeBy. The horizontal axis is rotational energy, not rotational

howgvgr, We be"e\{e that this form is adequ.ate to ex’Fract thauantum number, to facilitate comparison of distributions with different
qualitative information that we seek regarding the disposalrotational constants.
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FIG. 5. Distributions of rotational states resulting frakw =—2 dissociation events in NeBrEach distribution is normalized such that the sum of the
populations equals onéa) v=24—v=22; (b) v=26—v=24;(c) v=27—-v=25; (d) v=29—v=27.

A. Bound state calculation and the Franck—Condon
model

As in our previous study of NelB¥, we have applied the

Briefly, the Hamiltonian operator is written in terms of the
internal coordinates, the magnitude of the vector from one
Br atom to the otherR, the magnitude of the position vector

quantum mechanical bound state programs of Halberstad the Ne atom relative to the Brenter of mass angl, the

and co-workers®113%1tg the NeBg system using our

angle between these two vectors. The higher frequengy Br

model potential energy surface. This calculations are basegPrational motion is separated from the lower frequency van

on the methodology described in considerable detail els
where by Halberstadt, Beswick, and co-worke?gl1351

Distance (A)

0.0
Distance (A)

FIG. 6. Model potential energy surface for NgBiThe origin of the coor-
dinate system is fixed at the center of mass of. Bihe energy contours are
drawn at 10 cri?® intervals, with the outermost contour lying10 cni®
relative to the energy of separated Ngr,.

J. Chem. Phys., Vol. 106,

gder Waals vibrational motion by calculating the bound state

energies and wave functions for an effective Ne,{Buten-
tial in which our model potentidV/(r,R,v) is averaged over
the Br, vibrational motion. Using this approximation, the
averaged Hamiltoniaki, , for the NeBp complex that cor-
relates with By vibrational levelv is written ag®1:1351

h? 9 12

2uR?

HU'U__EW—’_ +VU,D(RYy)

Bl)

+Egi(v)+ 72

%
V, ,(R,v) is the averaged intermolecular van der Waals po-
tential, whileEg,(v) is the vibrational eigenvalue for uncom-
plexed Bs. B, is the relevant Brrotational constant ang
is the reduced mass of the Ne—Biystem. For these calcu-
lations we fix the total angular momentuth,to 0.

The desired wave functiong, ,(R,y) which describe
the motion of the Ne atom relative to Brare the eigenfunc-

No. 13, 1 April 1997



M. Nejad-Sattari and T. A. Stephenson: Dissociation of NeBr,

5461

tions ofH, , . This Hamiltonian is diagonalized using a finite 0.20 —
two dimensionalR,y) basis set, with each basis set function _ ° (a)
written as a product of an angular and a radial function. The 2

; i . . ) . £ 015
radial functions are harmonic oscillator functions, while the §_
angular functions are obtained by prediagonalization of the & ° E;a’;"‘mi‘:;‘?“ model
angular part oH, , using a basis set of Bifree rotor func- 5 010 HH P
tions at a specifie®=R,=3.65 A. ForJ=0, these functions ¢ ¢ {
are simply appropriately normalized spherical harmonics, £ 05 - } H
Y;oly). The detailed composition of the basis functions is & 1 ° Hfi
described in Refs. 7, 8, 13, and 51. In our calculations, we ° LT LT T TP
use 15 harmonic oscillator functions to describe the 0.00 ' T T ’ '
R-dependence of the Ne wave function along with 15 bend-
ing basis functions, each composed of 3@ Bee rotor func- 020
tions with even values of the quantum numpe{Because of 5 ®)
the symmetry of the potential, when total angular momen- § 0.15
tum, J, is 0, only evenj fragment rotational states have the § o Classical trajectories
appropriate parity characteristics. E 104 % e Experimental

As a preliminary test of the model van der Waals poten- & ' % %i
tial energy surface, we consider the predicted dissociation g coo o£§§
energyD,. The calculated value is found to be 64.0 ¢rfor g 0% 1 % ; ‘; %6,
the B statep =10, a value that is in exact agreement with the * $3 - : 050
experimentally determined figure of 64:3.1 cm i We 0.00 ! * T tedes TRV Y.
conclude from this result that the shape and depth of the
potential well on our model potential energy surface are at 0.20 T
least qualitatively correct. s {c)

In the Franck—Condon model for the dissociation of 5 .z |
NeBr,, rotational excitation of the Brfragments arises from & ) o
the zero-point bending motion that is initially prepared prior < cods . g”:':g:;’;:"°x'mat'°“
to dissociation:>* Application of the Franck—Condon model & 010 7 ﬁ qo P
in this case is particularly facile because in the bound state 2 §;°
calculation we represent the wave function of the quasibound 2 005 S { H
Ne atom in terms of the Brfree rotor basis set. In Fig(a), b " ?ih
we present the result of applying such a model to the disso- 0.00 | o the, ? ecesasese,

ciation of NeBy, from theB electronic statey =10. Note that
the restriction of our calculations tb=0 requires that only .
the even values of are populated in the dissociation. J

12 18 24 30

FIG. 7. Theoretical models for Brfragment rotational excitatioiopen
circles compared with the experimental ddslid circles for theAv=—1
dissociation ofv =10 NeBy,. (a) Franck—Condon modelp) classical tra-

In our previous investigation of NelBP,we adopted the jectory model;(c) classical impulsive approximation.
semiclassical model for the dissociation of rare gas—halogen
van der Waals molecules developed by Waterlandl?® In
this approach, Waterlandt al. assumed that the van der
Waals complex is transferred from the initially preparedof the initial scattering angle. Waterlared al?® use the ex-
quasi-bound level correlating with the halogen vibrationalcitation function to calculate fragment rotational distribu-
level v to the repulsive wall of the van der Waals potential tions by drawing on analogous studies by Schinke on the
correlating with vibrational leveb —1. This transfer is as- photodissociation of chemically bound molecut@3A cen-
sumed to occur instantaneously and without any specificatiotral feature of this approach is the recognition that the range
of the dynamics of the intramolecular vibrational coupling of fragment rotational states that can be populated is given
mechanism. The angular positignof the rare gas atom is directly by the excitation function, modulated by a weighting
conserved upon transfer to the repulsive surface; we labdhctor that accounts for the fact that not all initial anglgs
this initial angley,. The fragment rotational distribution then are equally probable. In the present calculations, the weight-
arises from the scattering, at enefgy,, from the repulsive ing factor is the bound state probability distribution deter-
wall of the v —1 van der Waals potential. As in our earlier mined in our quantum mechanical calculati@valuated at
investigation we have employed two models to represent théhe equilibrium van der Waals bond lengtR,). Complete
scattering procesS. Common to both is the calculation of mathematical details of this approach can be found in our
the classical excitation functiof(y,), which expresses the earlier publicatio®® or those of Waterlandet al® or
final fragment rotational angular momentujmas a function ~ Schinke®3

B. Semiclassical model for vibrational predissociation

J. Chem. Phys., Vol. 106, No. 13, 1 April 1997
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C. Classical trajectory calculations 20 1
Within the semiclassical model, the most rigorous ..o-""'“w“""-. @ &
method for calculation of the excitation function is to propa-
gate exact classical trajectories on the model potential energy 15 9 o o
surface. In these calculations and in our analysis, we follow
closely the previous work of Schink&® and Waterland — _ %
et al?® Briefly, we choose the initial linear and angular mo- o e
mentum of the fragment to be zero. The energy of the tra- o .
jectory is set toE,,;. For a particular choice of initial angle 5 o .
7o, the corresponding value of the radial distafggs found o’ .
from the condition

o

Vvaw(Ro, ¥0) =Eau, 60 70 80 %0

20
such that the Ne atom is motionless on the repulsive wall of o

the van der Waals potential at the initiation of each trajec- o
tory. The total angular momentunrd, is set to 0 so that any 15 °
fragment diatomic rotational angular momentum is exactly °
counter-balanced by orbital motion of the recoiling frag- It T o
ments.y, values are chosen to lie on a uniform grid between 10 " ° —05
0 and#/2. (Because of th€,, symmetry of the potential, the e,
excitation function fory, values betweenr/2 and is iden- o %
tical to that for G=y,<7/2.) We integrate Hamilton’s equa- 57 o %
tions of motion for a total of 50 picoseconds for each trajec- o’ %
tory, which is found to be sufficient foj(t) to reach its e *
asymptotic value. The resulting classical excitation function ' '
for the v =10—v =9 predissociation of NeBris shown in 60 70 80 90

Fig. 8@), in which we have included only the most relevant Yo

angular range. Also plotted in Fig(& is the Ne atom an-

gular probability distribution, as determined from the boundF!G. 8. Classical excitation functiorisolid circleg and Ne atom angular

: - kil 4 robability distributionsopen circles used in two classical models for the
state calculation. The fragment rotational distribution that3issociation of NeBy. The initial Ne—Bg angley is plotted in degrees. The

arises from this calculation is shown in Figby along with  magnitude of the angular momentuii, is plotted in units ofi. The prob-
the experimentally measured distribution. ability distributions are normalized such that the maximum value is(&)0.

In our computations on the predissociation of NelBr, weClassical trajectory calculationg) classical impulsive calculations.
noted that the range of values Bf,, that are amenable to
this approach are limited, at low energies, by the appearance
of *“orbiting resonance” structures in the classical classical studies of vibrational energy transfer in collisions of
dynamics®® This phenomenon also occurs in our NgBal-  He with 1,.5*
culations, as displayed in Figs. 9 and 10. In Fig. 9, we show In Fig. 10, we display a plot dfj| vs time for two of the
portions of the excitation function that correspond to thetrajectories selected from the excitation function of Fig. 9. In
v=21—-v=20 predissociation of NeBr with E,,=25.6 Fig. 10(a), a trajectory that is typical of the “conventional”
cm L. Note that the excitation function is no longer a smoothregions of the excitation functiofty,=82.09 is shown. In
function of the initial angley, and that the asymptotic value Fig. 10b), in contrast, one of the trajectories that gives rise
of j is extraordinarily sensitive to the initial conditions. In to an “unconventional” point(y,=80.29 is selected. From
Fig. 9@ a relatively wide range of initial angles are dis- these plots and a detailed examination of the energetics of
played. Note that as compared to Figa)8 the region of the trajectories, the origin of the structure in the excitation
maximum|j| has been replaced by a smooth region of sig-function is clear. Wheny,=80.2°, early in the trajectory the
nificantly lower |j|, separated from the more conventional Ne atom passes through a region of potential anisotropy,
portion of the excitation function by regions of fluctuating resulting in considerable Brrotational angular momentum
values of the asymptotic angular momentum. In Figp) ve  and orbital angular momentum of the separating fragments.
focus on one of these narrow transition regions, emphasizin(Recall that since the total angular momentumjs 0, the
that “smooth” regions of the excitation function are imbed- orbital angular momentum of the Ne atom must be balanced
ded in the irregular structure. In fact, as we focus on progresby the rotational angular momentum of the,Bragment)
sively narrower regions of the irregular structure, we alwaysSpecifically we observe that the sum of the rotational energy
find imbedded smooth structure similar to that displayed irof the fragments and the centrifugal energy associated with
Fig. Ab). This form of the excitation function is thus analo- the orbital motion exceed,,. Thus the fragments are
gous to the fractal pattern identified by Nogd al. in their ~ “trapped” in the attractive portion of the potential energy

=1

ljt

J@A
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FIG. 9. Classical excitation functions from classical trajectory calculations, . f . . . "
at a low value of available energ=25.6 cm3). The initial Ne—Bp from.th|s contour. In this situation, the Battains its final
angle, y, is plotted in degrees. The magnitude of the angular momentumfotational angular momentum instantaneously and we deter-

|j], is plotted in units off. (@) 60°<y,=<90°; (b) 80.0°<y,<80.4°. mine this value from the expressfon
Lo EavI
surface. For the trajectory shown in Fig.(bp the rotational "= B,+1/(2ub?)’

ifugal i 2.47 =3. hil . L :
and centrifugal energles sum to 32.4 chatt=3.3 ps, while by calculating the effective impact parameté) @ssociated

the E,,=25.6 cm 1. A second encounter with the repulsive "~ . . : . :
avt b with each initial atomic configuration. In Fig(i8, the clas-

fragment anguiar momentum and allow he.evential oS8l SXciaton function thal we oban from this model for
ciation. It is apparent from the structure in the (z,txcitationr()t""t!Onal exqtatlo.n IS prese;nted. Th? rot'atlonal d|str|p ution
function that the trapping phenomenon and the eventu redlcted_usmg this model is shown in Figcyalong with
magnitude of the angular momentum quenching are extrao?— e experimental data.

dinarily sensitive to the initial conditions selected for the

trajectory. An interesting further investigation would be toV. DISCUSSION

examine the quantum dynamics in this energy regime to re-

veal the presence or absence of quantum mechanical mani- The Franck—Condon model for the dissociation OT rare
festations of this result. gas—halogen van der Waals complexes has consistently

failed to reproduce the breadth of fragment rotational distri-
. Classical impulsive approximation butions in C}—, ICI-, and IBr-containing moleculd&?83°As

' documented in Fig. (8), the results that we report here on

As a test of the importance of final state interactionsBr, fragments from the dissociation of NeBare no excep-

induced by the full potential energy surface in determiningtion. Cline et al. noted that in the case of NeClhowever,
the fragment quantum state distribution, we have also calcuhe Franck—Condon model is representative of certain fea-
lated the excitation functiof(y,) as if the interaction were tures of the data, specifically the insensitivity of the rota-
entirely impulsive in nature. In this calculation we simplify tional distributions to the value df,,.22 The width of the
the potential by including only the repulsive wall at an en-Franck—Condon predicted rotational distribution is inversely
ergy of E,, and considering the scattering of the Ne atomrelated to the breath of the zero-point bending wave function,
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with the later parameter determined by the angular anisot- 0.10 -

ropy of the van der Waals potential energy surface and the s o v=09fragments

atomic masses. The value Bf,,, and the actual postion of 5 .5 ¢ v=141ragments

the potential minima relative to the diatomic fragment inter- & $88sg,

nuclear axis are irrelevant in this model for the dissociation. ‘—; %o .

As we have noted previously and display in Fig. 4, fop Br 2 %% 7 ey

fragments from NeBrwe also observe an insensitivity of the g ¢ 8s.

fragment rotational distributions to the value Bf,. The g 003 o °se
Franck—Condon model also predicts that the=—2 disso- w

ciation pathways should lead to the same fragment rotational 0.00 \ , | | |
distributions as the\v =—1 pathways. This behavior was 0 6 12 18 24 30

observed in NeGl with the conclusion that th&v=-—2 j
dissociation products arose from a direct coupling from the
quasi-bound state correlating with vibrational leveto con- FIG. 11. Rotational distributions predicted by the classical trajectory model
tinuum levels correlating with vibrational level—228 As ~ for the v=15-v=14 (E;=67.7 cm?) and v=10-v=9 (Ey=48.7
. . . .. cm™ ) dissociation events. Each distribution is normalized such that the sum
the data in Table | indicates, howevery =—2 dissociation i e populations equals one.
events in NeBy channel substantially more energy into rota-
tional energy tham\v =—1 dissociation eventdor dissocia-
tion pathways with comparable,,)). This behavior suggests
a different mechanism for thAv=—2 events in NeBy. In One test of the classical trajectory approach is to explore
ArCl,, experiments and calculations have implicated stepthe variation of the calculated distributions with the various
wise intramolecular vibrational redistribution in the dissocia-dissociation channels. In Fig. 11, we present a comparison of
tion dynamic$1%173%|n this scheme, the quasibound statethe calculated rotational distributions for the=9 andv =14
correlating with vibrationad is coupled most strongly with a Br, fragments that result fromhv =—1 dissociation path-
small number of also quasibound states correlating with viways. The surprising result is that the calculated distributions
brational levelv —1. The latter levels are then coupled di- are nearly identical. This behavior mimics the experimental
rectly to the continuum to generatey =—2 fragments via data(Fig. 4) in which the only significant difference in the
an indirect mechanism. It would be interesting to discover =9 andv =14 distributions is the value gf,,. As noted
whether similar mechanisms are operative in complexes sugbreviously, Clineet al. have used the invariance of the rota-
as NeBs and to explore the origin of the differences with the tional distributions for several different NeCdlissociation
lighter NeC). channels to discount a classical scattering approach to vibra-
We demonstrate the importance of the full anisotropy oftional predissociation of rare gas—halogen complexes and to
the van der Waals potential energy surface in models of theuggest that the Franck—Condon model might have some
dissociation dynamics in Figs(B) and 7c). From the com- validity.?® On the other hand, Drobits and Lester have used
parison shown in Fig. (€), it is clear that modeling the dis- the variation of the fragment rotational distributions from
sociation as a simple impulsive half-collision with the repul- NelClI with initial vibrational level to conclude that classical
sive wall of the potential is a dramatic oversimplification. scattering ideas have significant power in describing the dis-
This result is not surprising, given that the available energyosal of energy into the fragmerfsOur results suggest that
is comparable in magnitude to the depth of the potential wellneither of these conclusions is justified. The invariance of
We expect, therefore, that the dynamics will be strongly af-our distributions, calculated using classical mechanics, dem-
fected by the anisotropy of the full potential. onstrates that classical models do not always give rise to
Figure 1b) shows that the classical trajectory approachscaling of rotational distributions witk,,, and that conclu-
is superior to the other models considered here for the dissions based on the presence or absence of such scaling may
sociation of NeBy, but that it falls far short of reproducing be misleading.
the population in the highest rotational levels. On the other  This point is further amplified in Fig. 12, in which cal-
hand, it predicts an average rotational enef@y,,), of 5.5 culated values of,,,,are plotted v&L?2 for the two classical
cm 1 a value that is somewhat higher than that observe@pproximations used in our work. For purely impulsive scat-
experimentally(see Table I{E,,)=5.1 cm %). In contrast to  tering, we find that, as expectefl,,, scales linearly with
these data, when we applied the semiclassical model to tHe2 for all values ofE,,. When we propagate classical tra-
dissociation of NelBr, the calculated distribution extended tgectories on the model potential energy surface, however, we
the same rotational level as the experimental data, though theee thaf ., is relatively insensitive td,,, for the range of
calculated value ofE,,) (4.6 cm') remained somewhat energies that are generally experien¢gg,,<100 cm * or
larger than the experimental val@@9 cm 1).2° Our central  EX?<10 cm ¥ in the dissociation of Ne—halogen com-
concern in the remainder of this section is to address thplexes. Indeed only for energies greater than several hundred
differences in the agreement of the calculated and experivavenumbers is a linear dependenceE}ff recovered for
mental results for NelBr and NeBand to suggest regimes the classical trajectory model. In our NeBpotential, the
in which the classical trajectory approach might be more omwell depth is 83.9 cm!. The results presented in Fig. 12
less appropriate. suggest thakE ,,; must be larger than five times the well depth
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FIG. 12. Calculated variation gf,,, on E2 for two classical models for the 1)

dissociation of NeBy. The angular momentunj,,,,, is plotted in units ofz.
FIG. 13. Classical excitation functions for four values of Br—Br interatomic
separation calculated using the classical trajectory mdelg|.is fixed at
67.7 cni'L. The initial Ne—Bg angley, is plotted in degrees. The magnitude

before one would expect a classical energy scaling law tof the angular momentunij|, is plotted in units of:.
have validity.

The significant difference in the classical models that we
have explored is the impact of the anisotropy associated witimetric dependence on bondlength is seen to be greater than
the potential well, which explicitly affects the classical tra- that associated witk,,, alone! Specifically, the classical tra-
jectory results, but is explicitly ignored in the purely impul- jectory approach predicts a variation gf,, from 19 to 25
sive model. Within the classical trajectory model, when theover this range of g,_g, values, with greater fragment rota-
recoiling fragments sample the anisotropy of the potentialtional excitation associated with larger Br—Br distances. This
there appears to existrminimumamount of fragment rota- effect can be traced to the greater anisotropy of the potential
tional excitation that will occur, regardless of the value ofsurface as the Br atoms separate; whgng,=0, for ex-
E.u- For the case displayed in Fig. 12, this minimum amountample, the potential is completely isotropic since the indi-
corresponds tg ,,,,~19. This observation provides further vidual atom—atom Ne—Br Morse potentials have no angular
insight into the erratic behavior exhibited for low values of dependence.
E.u. as in Figs. 9 and 10. The orbiting behavior whose sig-  We can now understand the similarities in the calculated
nature is displayed there occurs when the valu&gf is  rotational distributions forv=9 and v=14 Br, fragments
smaller than that consistent with the minimum valug @f,  (Fig. 11). The available energy changes from 67.7 ¢m
dictated by the inherent anisotropy of the potential. (v=9 fragmentsto 48.7 cm* (v =14 fragments Examina-

One of the problematic areas in assessing the validity ofion of Fig. 12 suggests that this change should result in a
classical models is that detailed comparison with experimenslight decrease in the fragment rotational excitation for
tal data is difficult because of poor control over experimentab =14 fragments. The average Br—Br bondlength increases,
variables. In Fig. 12, we have shown data calculated for théowever, from 2.835 Av=9) to 2.947 A (v=14), which
same potential energy surface and fragment rotational corfavors increased rotational excitation for=14 fragments
stant, but different values @&,,,. Experimentally, one varies (Fig. 13. The result is an approximate balance between these
E v by judicious choice of initial vibrational level such that a trends and a rotational distribution that is nearly identical for
range of values oE,, are sampledTable |). This strategy is the two dissociation channels.
problematic, however, since in our model NeRwtential We can now turn to a comparison of the adequacy of the
surface, the potential energy is parametrically dependent oclassical trajectory approach for the vibrational predissocia-
the average Br—Br bond length. Thus, the surface supportetibn of NeBr, and NelBr. Our analysis reveals that the clas-
by Br, in the v =9 level is different from that supported by sical trajectory method takes into account the fragment rota-
Br, in v =14 due to the anharmonicity of the Br—Br poten- tional excitation that arises from a combination of
tial. By using different dissociation channels as a proxy forinteractions with the repulsive and attractive parts of the po-
variation inE,,, we in fact confuse two quite different effects tential energy surface. Whéfy,, is high, the dominant effect
on the calculated rotational distributiongA third effect, is the impulsive “kick” provided to the fragments as they
variation in the Bj fragment rotational constant with vibra- scatter from the repulsive wall of the potential. WHeyg, is
tional level, can be shown to have only a very small impact. low, the dominant interaction is with the anisotropic, attrac-
In Fig. 13, we show the classical excitation functions thattive part of the potential, which provides a minimum value
result from varying the Br—Br bondlength while holdigg,,  for the degree of fragment rotational excitation. For our
constant at 67.7 cit. The range ofrg,_g, values selected NeBr, and NelBr experimentsE ,, is relatively low and the
correspond to the average Brondlengths for =9 tov=26. latter effect is more important. Our experimental data in this
The effect onj . Of varying the potential through its para- regime suggests that the breadth of the rotational distribu-
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