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Vibrational predissociation of ArCl ,: Toward the determination
of the potential energy surface of the B state

Kenneth C. Janda
Department of Chemistry and ISIS, University of California, Irvine, California 92715

Octavio Roncero
IMFF-CSIC Serrano 123, 28006 Madrid, Spain

Nadine Halberstadt
LCAR-IRSMC, Universit®aul Sabatier et CNRS, 31062 Toulouse Cedex, France
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Accurate quantum mechanical calculations are carried out to test the sensitivity of the spectroscopy
and dynamics of th& state of ArC} to the steepness of the Morse term, of an atom—atom
potential. It is discovered that the predissociation dynamics for this molecule are very complicated
even in theAv=—1 regime due to resonances in the continuum manifold of states. In both the
Av=—1 regime and the\v = —2 regime the rate of vibrational predissociation and the product
rotational distribution are extremely sensitive to the value chosea, fout not in a regular way. For

the Av=—2 regime the variations can be attributed to spacings between resonances and the
overlaps of the bright state wave functions with nearby dark states as expected from the
intramolecular vibrational relaxation model. In the =—1 regime, the variations are shown to
originate from resonances in tlve-1 continuum set of states. Although this makes it difficult to
determine the value fas, a value of 1.8 Al is probably close to the true value. The most useful
new data to determine the potential would be measurements of the lifetimes for as many vibrational
levels as possible and rotational distributions for excitation to low vibrational levels @ #iate.

© 1996 American Institute of Physids$0021-960606)01138-3

I. INTRODUCTION sponding to the symmetric to quantum number in the
perpendicular configuratigrbut the coupling is only weakly
Triatomic van der Waals molecules provide one of thedependent on the totdl value for a given value of).
most tractable examples for an analysis of the mechanism for  The dissociation dynamics of Arare similar to those of
intramolecular vibrational relaxatiofiVR) in real systems. ArCl, except that the smalleg vibrational frequency results
That IVR should occur in such simple molecules was firstin a Av = — 3 dissociation mechanism involving a succession
evident in the highly structured rotational distributions ob-of at least two dark intermediate states. This case has re-
served in the vibrational predissociation in A;ClSubse- cently been analyzed by Gray and Ronc&fd@hey find that
guent quantum calculations on a reasonable model potentighe vibrational levels studied decay by coupling to a small
showed that this IVR occurs in the sparse lififthat is, for  number of doorway states in the = — 1 and—2 manifolds
the Av=—2 dissociation of ArC{ from the v=11 ClL,  before dissociating via the product continuum. Thus al-
stretching level, the initially excited “bright” state first though the overall density of dark states is quite high, only a
couples to a single dark state in the manifold of van defew are important for coupling to the initial quasibound state
Waals levels associated with the,@l=10 level before cou- and coherent resonances are expected for state selected exci-
pling to the continuum associated with the=9 level. This  tation. Due to this effect, the vibrational predissociation rate
is illustrated in Fig. 1. Since the dark state corresponds to aonstant oscillates strongly as a function of the initially ex-
highly excited van der Waals mode, its nodal pattern is vencited I, vibrational level within the complex. This conclusion
complicated and this produces the structured rotational disappears to be in contradiction to the experimental data of
tributions of the final products. A different dark level is ac- Burke and Klemperet,who concluded that the vibrational
tive for each initial C} stretching level, so both the rate of predissociation rate constant increases monotonically as a
predissociation and the product rotational distribution ardunction of the } vibrational excitation. Roncero and Gray
different for each initial CJ vibrational level. This contrasts have recently concluded that, since the coupling to the dark
with directly dissociating species such as H@hd NeC}*  states is strongly dependent on rotational quantum numbers,
for which the rotational distributions are smooth, and onlyand since it is not possible to prepare a rotationally state
weakly dependent on the degree of initial excitation of theselected initial population, the coherent resonances are
Cl, stretch. Another interesting finding for the ACIVR washed out in the observed spectra. Ar@lay be a better
mechanismis that the coupling between the bright and darkcandidate for observation of such coherent decay since the
states is strongly influenced by the component of rotationatlark states are less densely spaced and since fewer rotational
excitation about the ArGlbond(given by the quantum num- levels are populated at a given temperature.
ber O in the exact quantum treatment and roughly corre- Because IVR in ArCl involves specific bright—dark
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molecules are extremely anisotropic:>and not suitable for
fitting to atom-datom potentials, thB state surfaces are
probably very well described by such simple potentials.
There are two reasons for this significant difference between
the two electronic states. First, the intrahalogen bond in the
Ar+Cl,(B,v=10) B state is weak and long, so that the orbitals of the atoms are
= not too strongly perturbed by formation of the bond. Second,
= the electronic wave function for each halogen atom inBhe
state is best described as having an equal fractianarid =
orbitals. This causes the anisotropy of the atoms to be aver-
aged out. Here, we represent the short range part of the
Ar—Cl potential, out to the inflection point of the well, with

a Morse potential function. The steepness parameteof

the Morse function is varied over the range of 1.6
A~l<a=<2.0 A! while the D, and Ry(Ar—Cl) parameters
are adjusted to yield the experimeniy andR, values. As
might be expected, the IVR dynamics are extremely sensitive
to the value ofa, since it can shift dark states into and out of
resonance with the bright state. A 10% change in the value
of a can produce an almost 2 orders of magnitude change in
the rate of vibrational predissociation in the IVR region. For
v=28, the lowest level for which th&v=—1 channel is
FIG. 1. Energy level scheme for IVR in ArCIThe zero order bright state closed and the molecule must dissociate via fhe=—2
corresponds to the ground van der Waals vibrational level associated withannel, there is a high density of dark states, but the cou-
thev =11 level of the CJ stretch. The doorway state is an excited van der pling to them is relatively weak, on average. The expected

Waals mode associated with tve=10 level of the CJ stretch. The first At ; ; _
open dissociation channel is for the=9 level of the C} stretch. The com- lifetime is longer than 1 ns for the entire range«oparam

plicated rotational distribution of the products is a result of the fact that the€ters. For the higher Vibl’atiO[llal levels, the coupling ranges
doorway state is highly excited in the van der Waals modes, and the comfrom rather weak fore=1.6 A~? to very strong fora=2.0

plicated bending wave function has highly state-specific couplings to thg&(ll However, the trends are not monotonic since the cou-
rotational levels of the dissociation products. pling regime is sparse, even for the highest valueg.of
The results for the low vibrational levels, which dissoci-
ate via theAv=—1 channel, are quite surprising. Since the
resonances, which lead to highly specific rotational distribudynamics in this regime were expected to involve mainly
tions, there is a prospect for a detailed fit of the Ar,Cl direct coupling of the initially excited state to the dissocia-
potential. If the link between the dark state wave functiontive continuum, we expected that the dissociation rate would
and the product rotational distribution can be discoveredscale monotonically withy, with larger values fow leading
then the vibrational predissociation data would be roughlyto stronger coupling and faster dissociation. This is not what
equivalent to having a van der Waals mode vibrational specwas found. For instance, for the=7 level, the calculated
trum over a broad range of the van der Waals well. Unfordifetime is 112 ps ifa=1.92 A"* and 4600 ps ix=2.0 A1
tunately, such a link has not yet been discovered, and it i¥his extreme sensitivity of the dissociation rate to the value
necessary to take a more incremental approach to determinf « is due to resonances of the initially excited state with
ing the potential. Two key features of the potential alreadycontinuum states whose wave functions have significant am-
have been precisely determined. The dissociation energy gflitude in the region of the van der Waals well. The reso-
thev =6 level of theB state has been determirted be 188 nances have the unusual effect of slowing datm=—1
cm 1, and the average Ar—gCbond length has been deter- dissociation, leading to a longer lifetime and enhanted-
mined to be 3.7 A for theB staté and 3.719 A for theX — 2 dissociation. Thus the dependence of the dissociation
state!® For any given potential form these measurementsate onea is not monotonic, even for vibrational levels for
place narrow constraints on the value of the potential paramahich theAv = —1 channel is open. This effect has not pre-
eters. To completely determine the potential, it will be nec-viously been described for van der Waals molecule vibra-
essary to characterize the steepness, or width of the potentigipnal predissociation.
and to learn more about the anisotropy of the potential pa- We conclude that the next step in determining an accu-
rameters. rate ArCl, potential should be to measure the lifetimes of as
In this paper we explore the sensitivity of the IVR many initial states of the complex as is possible. Although
mechanism to the steepness of the potential. The ABCI the lifetime of any one initial level could be due to a coinci-
state potential is expressed as a combination of atom-atowhental resonance, the average lifetime of a group of levels
potentials as was done previously. Although it has recentlyill help to define the strength of the coupling. It will also be
been determined that the potential energy surfaces of theseful to measure thAv=—2 propensity in thaAv=—1
ground electronic states of rare gas—halogen van der Waategime to determine the importance of coupling to reso-

Ar+Cly(B,v=11)
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nances in the continuum. Once the coupling strength is deFABLE I. Parameters for the Morse part of the Ar—Cl potertahd the
fined, then it may be possible to use the rotational distriby!°"est bound state energy for-=6.
tions to infer information about the anisotropy of the

h Potential number aA™Y D(cm™?) Eolcm™h)
potential.

1 1.60 103.970 -178.24

2 1.70 104.974 -178.25

1I. METHODOLOGY 3 1.80 106.000 —178.29

4 1.86 106.620 -178.30

In this study we perform two types of calculations. First, 5 1.88 106.816 —178.28

the absorption spectra for ArCére calculated directly from 6 1.90 107.022 —178.28

the potential by integrating the coupled channel equations for ! 1.92 107.226 ~1r8.28

8 2.00 108.078 -178.32

the excited state. From these calculations we obtain the po-
sition, width and intensity for each resonance that has afin each caseR.(Ar—Cl)=3.9 A. The long range part of the potential is the
appreciable Franck—Condon factor for excitation. This infor- Same as in Ref. 2.

mation serves as reference data for later analysis of the wave

functions and dynamics. Rotational distributions are also ob- ) )
tained from the spectrum calculations by analyzing the scat® Parameter(the range factor In our previous study this
tering wave functions at large internuclear separation, Th&arameter was set at 1.8 A Here, we investigate values
second type of calculation employs the “golden rule” ap- ranging from 1.6 to 2.0 AL, The well depth parameter was
proximation. The excited state resonances are analyzed asafiusted for each value at in order to obtain the correct
they are quasibound states so that their nodal patterns afi¢"d dissociation energy for the=6 level of theB state.

coupling can be separately analyzed. The golden rule calcy-N® Re(Ar—Cl) parameter, the van der Waals parameters for

lations give us insight into the phenomena that are observedi® Ar—Cl interaction and the potential for the CI-Cl inter-

in the exact spectrum calculations. gction were not .varied from thg va}lues.previously used. A
The method used for these calculations and the form ofiSt Of the potential parameters is given in Table |.
the potential energy surface have been described in detail
previously? For the spectrum calculations the procedure canii. RESULTS
be briefly summarized as follows. A ground state wave func—A The Av=—1 reqi
tion, which represents the molecule before laser excitation, is” €av= regime
calculated using an appropriate bend-stretch basis set. The When ArC}, is excited to they=5, 6, or 7 levels of the
manifold of continuum states at the excitation energy areCl, stretch, the vibrational level spacings are such that the
calculated by integration of rovibrational close-coupledmolecule can dissociate via &w=—1 channel. The total
equations with respect to the dissociative coordinate. Thenergy available forAv=—1 dissociation for these three
squared overlaps between the ground state wave functidnitial levels is 28 cm* for v=5, 18 cmi* for v=6 and 7
and the final state wave functions give the excitation intenem * for v=7. We examine these levels first, because they
sity at each energy. By calculating the excitation cross secare the ones that are expected to have the simplest behavior.
tion for a grid of excitation energies, the excitation spectrumAbove v =7 theAv=—1 channel is closed, and the results
is mapped out. The product vibrational—rotational distribu-for those levels will be given below. For levels below: 5,
tion for each excitation energy is obtained from the partialthe Franck—Condon factors for the transitions are very small,
Cross sections. and there is no experimental data. Figure 2 shows a typical
The basis set needed to describe the excited state wagpectrum calculated for excitation to=7, using the poten-
functions varies somewhat with the excitation energy and théial with «=1.8 A~. The resonance has a Lorentzian line
coupling term of the potential surface. The results were alshape, as expected. The width is 0.0079 trorresponding
ways checked for convergence in both the size of the rovito a lifetime of 350 ps. This resonance decays mainly via the
bronic basis and the integration length. Usually the spectrumdv = — 1 channel, which accounts for 96% of the total decay
was first calculated with a modest basis set size, and then th@obability.
position and width of each resonance was recalculated with a The spectra calculated for other valuesmflso have
large basis. A basis of six vibrational channels and 150 totalorentzian line shapes, but the variation of the line width
rotational channels was usually adequate. For accurate finalith « is not as simple as was expected. Sincedtterm in
rotational distributions, it was necessary to integrate to 20 Athe Morse potential is the main coupling term between the
The distribution of basis channels over the vibrational andCl, stretch and the van der Waals modes, it is expected that
rotational levels was similar to that described in our previoughe rate of vibrational predissociation should increase expo-
study of ArCh.} nentially with «. For a simple system, one that obeys the
The form used for the potential energy surface was als¢energy gap law” an expression Ibh()=—a(l/a)+b
the same as that previously described. An atom—atom Morsieolds® whereT is the dissociation rate. Figure 2 shows the
potential describes the interaction of Ar with each Cl atomdependence of on « for the ArCl, spectrum calculations
from the repulsive wall to the inflection point. Outside of the for v =5, 6, and 7. It is apparent from Fig. 3 that the real
inflection point the potential is gradually switched to a vandependence of on « is very complicated for these vibra-
der Waals form. Our goal is to test the effect of varying thetional levels. The deviation from a monotonic dependence is
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FIG. 2. TheJ=0 excitation spectrum to the=7 level of ArCl, using

a=1.8 A" A Lorentzian line shape is obtained, as expected. The line
width, 0.0079 cm?, corresponds to a lifetime of 350 ps. This level decays

96% viaAv=—1.
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FIG. 3. The calculated dissociation rdteg scale versusa parameter for
thev =5, 6, and 7 levels of ArGlL The expected behavior was a monotoni-
cally increasing function. Instead, the effect of resonances with the con-
tinuum is to considerably reduce the rate for certain values. of

is otherwise only a minor dissociation channel. For each vi-
brational level, the anomalous behavior occurs for a different

largest forv =7, and appears to decrease for lower vibra-value of «. Another surprising result of the calculations is
tional levels. This suggests that the unusual phenomena atleat the calculated rotational distributions are extremely sen-

related to the fact that th&v = —1 channel is only slightly

sitive to the value ofx for each initial vibrational level. For

open forv=7, and somewhat more open for each lowerinstance, upon excitation ®=>5, the average product rota-
vibrational level. Note that deviations from the expectedtional energy is 16.3 cit, 57% of the total available kinetic

trend tend to be toward very small valueslafThat is, for
certain values ofa, the lifetime of the complex is much
longer than expected from the energy gap law. #e17, the
lifetime decreases witl from 2 ns fora=1.6 A"! to 41 ps
for «=1.88 AL, For «=2.0 A", which would have been
expected to yield the shortest lifetime, the value is 4.6 ns.

The results of the spectrum calculations for the three

vibrational levels as a function o are summarized in
Tables Il, Ill, and IV. Note thate values that give small
values ofl" also give a large probability fakv = —2, which

energy fora=1.6 A%, but is only 3 cm?, 11% of the total

for a=1.7 A"1. This is in sharp contrast to the analogous
results for HeGJ,® NeCl,,* HelCl,** and NelCI® for which

the product rotational distributions are sensitive to the shape
of the potential, but only slightly sensitive to the valueof

or the initial vibrational level.

In the process of analyzing the resonances of the quasi-
bound states with the background, we also carried out
“golden rule” calculations of the bright state energy, life-
time, vibrational and rotational distributions for the-6 and

TABLE II. ArCl (v =5) Spectrum calculations and product probability distributins.

aA™h 1.6 1.7 1.8 1.86 1.9 2.0
E(cm™) —178.397 66 —178.427 156 —178.408 98 —178.512 36 —178.509 0 —178.574 24
Tem™b 0.000 467 0.000 507 0.001 59 0.002 973 0.004 96 0.006 34
7(p9 5850 5385 1717 918 550 430
%uv=2 <.01 <.01 <.01 <.01 0.04 0.05
%v=3 0.4 0.6 0.8 1.1 1.8 3.1
%v=4 99.6 99.3 99.2 99.9 98.2 96.8
v=4, %j=0 2.0 25.1 14.3 14.1 14.2 12.7

j=2 1.6 275 20.1 10.9 4.1 8.8
j=4 0.7 22.2 16.4 7.1 4.2 18.5
j=6 43 16.1 20.1 22.1 21.3 5.7
j=8 32.6 4.9 13.4 16.2 13.1 2.9
j=10 19.6 2.7 9.4 18.4 30.6 28.8
j=12 38.9 0.7 55 10.2 10.8 19.4

e, is the center of the resonance that corresponds to the van der Waals vibrational ground si{@é&-foh=5. The energy is relative to dissociation limit
for the van der Waals bond: is the half width, half maximum of the resonance, anid the corresponding life time. Subsequent rows give the percent
population for the product vibrational channels, and the rotational distribution for the first vibrational channel.
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TABLE IlI. ArCl ,(v=6) Spectrum calculations and product probability distributns.

oA™Y 1.6 1.7 1.8 1.86 1.88 1.90 1.92 2.0
Eo(cm™) —178.2411 —178.2475  —178.2882 —178.299 1 —178.2829 —178.2841  —178.2806  —178.3186
'(cm 1?2 0.000 42 0.0011 0.000 10 0.000 57 0.000 940 0.0014 0.0018 0.0054
7(p9 6500 2500 27000 4800 2900 2000 1500 500
%uv=3 <0.01 0.02 0.3 0.08 0.03 0.02 0.03 0.06

v=4 0.9 1.8 17.7 5.3 2.9 2.3 2.7 3.4
v=5 99.2 98.2 82.0 94.6 97.1 97.7 97.3 96.6
v=5, %j=0 29.3 8.02 14.7 10.6 115 11.0 7.9 2.7
j=2 23.2 20.3 11.2 33.7 30.4 26.7 21.0 22.0
j=4 4.3 37.7 17.2 25.5 26.5 26.8 28.3 19.0
j=6 8.2 21 15.9 6.6 7.9 7.8 6.5 225
j=8 1.0 17.9 18.4 5.9 8.3 11.3 17.3 19.3
j=10 33.2 12.2 4.7 12.4 12.6 14.1 16.4 11.1

aSee Table Il for an explanation of the symbols.

7 levels. In spite of the complicated dependence of the resahe C}, stretching mode. In two previous studiésve have
nance on the value at, the golden rule calculations repro- characterized the IVR as occurring in the sparse limit for
duce most of the qualitative features of the more accurate=1.8 A~1. This means that usually an initial vibrational
spectrum calculations. For the=6 level the golden rule level dissociates by coupling to a single doorway state in the
calculations are able to predict the energy of the quasiboundy =—1 manifold before reaching the dissociative con-
state to within 0.05 cm' for each value ofx. The trend of  tinuum. In this regime the dissociation dynamics are ex-
dependence of lifetime ow is predicted qualitatively cor- pected to be very sensitive to the potential since small
rectly, although the individual values are off by 20% andchanges in the potential can move doorway states into and
50% for values ofa other than 1.8 A™. For =18 A™!, oyt of resonance. One goal of this study is to characterize the

which is strongly affected by the resonance with the condependence of the dynamics on the Mots@arameter in
tinuum states, the lifetime predicted by the golden rule is grder to obtain a more accurate potential.

factor of 5 too small. Slmllarly, the vibrational and rotational For each vibrational level 8y <12, we calculated the

distributions obtained by the golden rule calculations arespectrum for=3 cm * around the bright state resonance.
qualitgtively si_milar to the accurate ones for most values offhese spectra are shown in Figs. 4-8, and the results are
0@‘{‘”"'? the differences are significantly greater ##1.8  symmarized in Table V. These figures show that the spectra
A% Similar results are obtained for the=7 level. We  4re quite sensitive to both the initial vibrational level and to
conclude that the golden rule calculations are sufficientlyne value ofa used in the calculation. Fer=8, the density
accurate to help interpret the more precise, but much morg¢ potential doorway states is relatively high since the8
time consuming, spectrum calculations. Also, in an effort tobright state is situated only 3 c¢rhbelow thev =7 van der
fit the potential the golden rule calculations are sufficiently\y;551s dissociation limit. However, the coupling fo=8 is
_accurate to serve as tool for an initial rou_gh fit before reﬁ”'relatively weak since the frequency of the,Gibration is
ing the results with the spectrum calculations. very high compared to that of the van der Waals modes. The
density of potential doorway states is lower for the 12
bright state since this state is 40 chbelow thev =11 van

For initial vibrational levels above=7 of theB state, der Waals dissociation limit. The coupling for=12 is rela-
the ArCl, molecule dissociates via an IVR mechanism in-tively strong because the {requency is lower and the am-
volving the transfer of at least two quanta of vibration from plitude of vibration is larger than far=8. On average, the

B. The Av=-2 regime

TABLE IV. ArCl,(v=7) Spectrum calculations and product probability distributions.

aA™Y 1.6 1.7 1.8 1.86 1.88 1.90 1.92 2.00
Eo(cm ™) —178.0669 —178.0512 —178.0451 —178.0450 —178.0344 —178.049 —178.0577 —178.0455
T'(em b2 0.0013 0.0024 0.0079 0.030 0.066 0.041 0.0240 0.000 59
7(p9 2000 1100 350 90 41 67 110 4600
%v=4 0.01 0.02 0.06 0.1 0.2 0.2 0.4 1.3

v=>5 1.7 1.7 3.8 5.4 5.9 7.3 11.9 30.5
v="6 98.3 98.3 96.1 94.5 93.9 92.5 87.8 68.2
v=6, %j=0 19.1 22.6 46.6 43.4 36.3 33.9 30.5 49.7
j=2 15.9 28.7 7.5 225 24.6 23.8 215 7.0
j=4 8.0 32.7 11.7 22.9 23.9 23.8 21.6 4.0
j=6 55.3 14.3 30.2 5.7 9.2 11.0 14.2 7.5

8See Table Il for an explanation of the symbols.
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FIG. 4. The excitation spectrum in the region of the zero order bright stateF|G. 5. The excitation spectrum in the region of the zero order bright state
corresponding to =8 of the C}, stretch fora=1.6, 1.8, and 2.0 A". Inthis  corresponding te =9 of the C}, stretch fora=1.6, 1.8 and 2.0 AL (See
figure and the three following ones the whole spectrum is given at increasethe caption of Fig. 4 for further explanatiorHere, a=1.6 A™* results in
magnification for each value ef. The inset shows any resonances that are strong coupling because of an accidental near degeneracy between the bright
off scale in the main figure. Note that an indication of the coupling is thestate and a doorway state. Wave functions for the dark states that induce the
intensity of the bright state resonance. Weak coupling results in a narrowransitions marked, b, andc are shown in Fig. 12. In contragt=1.8 A™?
intense resonance. The energy scale is relative to the dissociation limit of thesults in weak coupling. Wave functions for the dark states that are marked
zero order bright state. For this case, the dissociation rate is always relar andb are shown in Fig. 13. Note that fewer dark staiesmpared to Fig.
tively slow resulting in an intense, narrow bright state resonance. Notice tha4,) appear in the region of the calculation becauseuth® level is nested

even the dark state resonances are fairly narrow. This is probably due to tMewer in the van der Waals manifold than the-8 level.

effects. First, the vibrational amplitude is relatively small {or 8, so the

coupling between the Elstretch and the van der Waals modes will be

smaller than for higher vibrational levels. Second, the doorway states are

high in the van der Waals manifold of states and therefore can not couplfOr a=1.6. 1.8. and 2.0 Al respectively The resonance for
effectively to the dissociative continuum. Another effect of being high in the 1. ' ! '

van der Waals continuum is that the dark state density is quite high, with si)?":l'6 Atis unusually broad because of an accidental near
dark states at least slightly coupled to the bright statenfo.6 A%, degeneracy between the bright state and a dark state. The
resonance fora=1.8 A™! is unusually narrow, since the
bright state is only weakly coupled to the nearest dark state.
expected trends are observed. That is, the coupling betwedrhis level is unusual in the sense that the bright state is about
bright and dark states increases with both the initial value oequally coupled to the nearest dark state, 0.57 ‘caway,
v and witha, and the number of dark states in the vicinity of and the next nearest dark state, 1.6 ¢raway. In order to
the bright state decreases withand with . The spectra for more fully characterize the IVR behavior of each level as a
v=11 are especially regular, as seen in Fig. 7. kerl.6  function of v and @, Table V lists the transition frequency,
A1 the bright state is very narrow, with a 4.6 ns lifetime. integrated intensity, lifetime, fractiondlv = — 2 decay, and
Although five dark states are observed, the most stronglyhe average product rotational energy for each bright state
coupled dark state only accounts for 1% of the total intensityand the most strongly coupled dark states. The table also
For «=1.8 A™1, only two dark states are observed, but thegives the correlation coefficiefitbetween the product rota-
coupling strength with the bright state is strong so that theional distribution of the bright state with the most strongly
bright state lifetime is only 290 ps, and the strongest darlcoupled dark state. A value of the correlation coeffient near
state receives 15% of the total intensity. ker2.0 A™%, two  one indicates that the bright state dissociates primarily by
dark states are again observed, the bright state lifetime isoupling to a single doorway state.
down to 40 ps and the strongest dark state has 40% of the Since the coupling between the bright state and the dark
total intensity. states is in the sparse regime, no monotonic trends are ob-
In contrast to the regular behavior for=11, thev=9  served as a function of either the initially excited vibrational
spectra exhibit a very irregular dependencencas shown in  level or the assumed parameter. The property that has the
Fig. 5. The bright state lifetime is 390 ps, 3.3 ns, and 100 psnost regular behavior is the fraction dfv =—2 decay.
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corresponding t@ =10 of the C} stretch fora=1.6, 1.8, and 2.0 AL, (See

the caption of Fig. 4 for further explanatigrizor this case the behavior is

close to that expected in the sense that the coupling is weakeat=br6

Al

number of dark states asincreases.

Wave number

FIG. 7. The excitation spectrum in the region of the zero order bright state
%orresponding to =11 of the C} stretch fora=1.6, 1.8, and 2.0 cit. (See

the caption of Fig. 4 for further explanatignn this case the variation with

Vv is as expected, with a monotonic increase in the coupling exreases.

This is probably due to the fact that the spacing between the bright state and

the value ofa determines the coupling strength.

and stronger for the other two values. Again, note the decrease in thFne nearest dark state is approximately independent of the valsesofthat

With a few exceptions this fraction generally decreases witHoWwest four channels and 50% of the product go ihtel16,
increasing vibrational quantum number and with increasingt8: @nd 20. On average, 26% of the available product kinetic

a, as might have been expected. Figures 9 and 10 show ttffergy (for the Av=—2 channel goes into the rotational
degree of freedom, and the rest goes into translation. The

product rotational distributions for the=9 and 10 initial

vibrational levels as a function of the parameter. The re-

are two closely spaced doorway states coupled to the brig
state. Fora=1.8 and 2.0 A the correlation between the
rotational distribution of the bright state and the main door-

fraction of the kinetic energy that goes into rotation appears
sults forv = 10 represent the expected behavior: in the weal® be roughly independent of the initial vibrational level,
coupling limit there is little correlation between the bright V€N when averaged over, and appears to be inversely
and dark state product rotational distributions. This is probProportional to the value of.
ably due to two complementary effects: First, the IVR cou-

pling is weak due to the small value af and, second, there |v. DISCUSSION

I)&t. The Av=-1 regime

When ArC}, is excited to they=5, 6 or 7 levels of the

way state is very high. This is expected since in both case€l, stretch, the molecule can dissociate viAa= —1 chan-

most of the IVR is due to a single doorway state stronglynel. Prior to this study, we would have invoked the energy
coupled to the bright state. The results fo=9 are less gap law?® to predict that the rate of vibrational predissocia-
regular: fora=1.6 A%, a near degeneracy results in strongtion would increase exponentially with the coupling param-
correlation between the product rotational distributions. Foreter and with the vibrational level. However, Fig. 2 shows
«=1.8 and 2.0 A%, there is no single dominant doorway that the calculated dynamics are considerably more compli-
state so the rotational distribution of the bright state is notcated than expected. For some valuesvdhe lifetimes are
similar to that of the strongest doorway state. much longer than expected from the energy gap law, and for
The calculated rotational distributions are very irregularthese values of there is also a surprisingly large probability
for all vibrational levels and for all coupling strengths. In onefor Av=—2 decay. For instance, for the=6 level, the
case,v=9, a=2.0 A1, 40% of the products go into the lifetimes are 6.5 ns for=1.6 A", 27 ns fora=1.8 A%,
three lowest rotational channels; while for another caseand 0.5 ns fore=2.0 A™%. For these three values of the
v=11, a=1.6 A", only 5% of the products go into the fraction of Av=—1 decay is 99.2%, 82.0%, and 96.6%,
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FIG. 8. Thg excitation spectrum in the region of the zero orderlbright statq:IG 9. The C} rotational distribution as a function of for Av=—2

correqundmg t(_n =12 of the C} stretch fqra:1.6, 1'83 and 2.0 A" (See_ dissociation of the zero order bright state and the most strongly coupled dark

the caption of Fig. 4 for further explanatigrThe density of dark SWates IS giate is shown for initial excitation =9 of the C}, stretch. To the extent

down to about one 1for every three wave numbers. The coupling is qUIt"?hat the dark state provides the principal dissociation doorway for the bright

weak fora=1.6 cni. For the other wo values af the coupling is very state, the two rotational distributions are quite similar. Here, this is seen to

strong. be the case for=1.6 A~1. Fora=1.8 A™! the bright state is not coupled
strongly to the nearest dark state for reasons discussed in the text. For
a=2.0 A1 a second dark state provides additional coupling so that the
rotational distribution of the bright state is somewhat different from that of
the main doorway state.

TABLE V. Results of the spectrum calculation for AsCb =8, 9, 10, 11, and 12.

v a(A™Y 7 (P9 Iy %Av=—2 (Erp cm™ Eq—Ep (cm™Y 74 (P9 Iy Rot. Cor®
8 1.6 19400 7.77 97.1 39.6 0.15 370 0.05 1.00
8 1.8 922 7.05 98.5 65.9 0.37 136 0.93 0.93
8 2.0 1385 6.67 96.7 48.8 0.36 151 0.7 0.88
9 1.6 384 8.41 96.5 43.6 0.18 210 4.18 0.76
9 1.8 3305 12.06 97.8 42.1 0.57 75 0.13 1.00
9 2.0 103 8.91 95.4 24.0 0.37 51 3.32 0.87
10 1.6 4200 17.18 95.1 24.2 0.68 74 0.57 0.99
10 1.8 94 13.30 98.5 38.8 0.58 33 5.90 0.41
10 2.0 130 13.30 95.6 29.6 0.29 37 4.00 1.00
11 1.6 4634 25.17 95.0 38.3 0.84 929 0.19 0.93
11 1.8 289 22.17 96.7 37.8 1.00 30 3.24 0.57
11 2.0 40 16.28 87.7 32.8 1.06 25 6.49 0.80
12 1.6 5062 30.50 92.1 14.9 3.02 33 0.80 0.95
12 1.8 42 20.15 95.7 35.3 0.74 32 11.64 0.75
12 2.0 42 16.80 87.9 21.8 0.78 24 13.90 0.92

#Explanation of column titlesy is the C}, stretching quantum number of the zero order bright stais.the Morse range parameter of the potentglis the
bright state lifetime], is the integrated intensity of the bright state resonanc&p% — 2 is the percent of the dissociation products found inAlve= —2

channel(E,, is the average rotational energy of the = —2 dissociation channeE — E,, is the splitting between the bright state resonance and the most
intense dark state resonaneg;is the lifetime of the strongest dark state resonahgés the integrated intensity of the strongest dark state resonance and the
Rot. Cor. is the correlation coefficient between the rotational distributions of the bright state and the strongest dark state product rotational distributions.
b

Reference 16.
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FIG. 11. y(E) versusE for the resonances between the 6 quasibound
ground van der Waals state with the=5 continuum statesy(E) is large

when one or more of the continuum states has significant amplitude in the
region of the quasibound state. Just to the left of such a resonance, the Fano
profile approaches zero. At that energy the lifetime of the quasibound state
becomes very large because the= —1 channel closes. Points represented

0 4 8 12 16 20 24 28 with open circles are for a calculation which includes anty5 channels in
R t . l L l the basis of the continuum states. Points represented by solid triangles are
otationa eve for a calculation including =5, 4, and 3 channels in the continuum basis.

FIG. 10. The CJ rotational distribution as a function at for Av=—2

dissociation of the zero order bright state and the most strongly coupled dar*( . . . .
state is shown for initial excitation =10 of the C} stretch. To the extent ~ Tunction of energy in the region of the quasiboune-6

that the dark state provides the principal dissociation doorway for the brighstate. However, the profile of this resonance is clearly asym-

state, the two rotational distributions are quite similar. Here, this is the casgnetric, going to zero on the lower energy side. This is due to

for the two larger values a#, for which there is strong coupling to a single ' .

dark state. the fact that there are twp ways for f[he _quaSIbOWWdG
state to decay to the continuum: one is direct and the other
one goes through the resonance. These two paths interfere;

_ - resulting in the Fano profile observed in Fig. 11. In particu-

respectively. The anomalously long lifetime and large frac4ar, at the point where/(E)=0, theAv=—1 continuum is

; — — ~1i - . .

tion of Av=—2 for @=1.8 A"* are due to a degeneracy of “transparent” and dissociation has to occur via direot

the initial quasibound state with a long-lived resonance in the= —2 coupling, which is much slower.

Av=—1 manifold. This explains why vibrational predissociation frar 6

In order to understand the origin of the nonmonotonicis so slow fora=1.8 A™L. For that value ofa, the Fano
behavior of the vibrational prEdiSSOCiation rate verausve prof"e in theAv = —1 continua has its zero very close to the

have calculated the quantity energy of the quasibound state. Hence she= —2 channel
is strongly enhance@l8%) and the vibrational predissocia-
Y(E)Zﬂz (i .l V(I R, 0)| ooundp -6} |2, tion is quite slow. For other values of the position of the
v.]

Fano profile is moved away from the quasibound state and
where ¢; , ¢ is the continuum wave function leading to the results go back to the more intuitive behavior given by
Ar+Cly(v,j) at total energyE and ¥ypoung, -6 IS the wave the energy gap law. The Fano profile is due to a long lived
function describing the quasibound state of ArCb=6.  resonance in thdv = —1 channel; analogous to an orbiting
V(r,R,6) is the van der Waals interaction potential. Noteresonance in scattering. To the extent that such a resonance
that y(E) reduces to the golden rule approximation for thewere long lived, it could be thought of as a rotationally pre-
total line width of the quasiboungl=6 level if E is equal to  dissociative state. These resonances are most probable for
the energy of the quasibound st&g. The goal here is to cases in which thAv =—1 channel is just barely open, such
show that there are resonances in thel continuum, and as described here. The fact that the calculated rotational dis-
that they give rise to a nonexpected behavior of the linewidthributions are a strong function af is also explained by
as a function ofa, because changing the value @fmoves these resonances. The interferences between the quasibound
their positions. When there is a resonance in the continuunstate and the orbiting resonance have a sensitive dependence
the corresponding wave function has a significant probabilityon « and this leads to the sensitivity of the rotational distri-
density in the region of the well, hen¢ginceV(r,R,#) isa  bution on a. This effect should be smaller for the lower
smoothly varying functiony(E) goes through a maximum. vibrational levels, and an experimental study of these levels
This can be seen in Fig. 11, whendE) is plotted as a would be useful for helping to determine the potential.
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B. The Av=-2 regime Fig. 5, it is observed that there are three dark states on the
In the Av=— 2 regime the fact that the calculated life- high energy side of the bright state. The first of these dark

times and rotational distributions are quite sensitive to theStatTj’a’ Etﬁo?ﬁlzd very stlrodnglg, tthte .seconué qur:e
assumedy parameter is not surprising since the dissociation’ ca<y and the thirde, 1S coupled about twice as strongly as
dynamics depend on more or less coincidental degeneraci

between the quasi-bound “bright” state and a “dark” state

tge second. This behavior can be explained by considering
oth the spacing of the resonances and the wave functions of
in the Au=—1 manifold. Thea parameter changes the thg dark states as shown in F|g. 12. That_the first dark state,
strength of the coupling between the different vibrational®' '3 coupled strongly to the bright state is due to a combi-
nation of the fact that it is spaced only 0.15 chaway from

manifolds, and also changes the density of states in eac . . S . .
. it and that its wave function has significant amplitude in the
manifold. Smaller values o& correspond to a weaker cou- . ! . .
region of the bright state. The wave function for this reso-

pling and a higher density of states. This can be seen in the ; o . i
=8 spectra(Fig. 4): for a=1.6 A * the dark state reso- nance is shown in Fig. 18). It is seen that there is signifi

nances are spaced about 0.3 ¢rapart in the region of the Cfﬂmt probability in the region between .3'9 and 4'.1 A perpen-

. R T1 A dicular to the CI-Cl axis where the bright state is localized.
main resonance; while fox=1.8 A'* the spacing is of the The second dark state is especially weakly coupled because
order of 0.5 cm?; and fora=2.0 A™! the spacings are of the P Y y P

order of 1.0 cm™. For higher vibrational levels the dark state lts wave function, Fig. 1), has very little amplitude in the

. ) region of the bright state. The third dark state is coupled
density goes down and the coupling goes up, for each Valu%ore strongly than the second, even though its energy is
Of . ]

. L significantly more different from the bright state, because its
For the entire range of values and vibrational levels 9 y g

. . . .~ wave function has higher amplitude in the region of the
considered here, IVR is best characterized as occurring in thSright state wave funcgon Thispeffect is repeate%cf@rl 8

sparse regime: The “bright” resonance mainly interactingA_l as observed in the middle spectrum of Fig. 5 and the

with one or only a few dark resonances. This means _that NQave functions shown in Fig. 13. For this case the dark state
monotonic trends can be expected for how the predlssomqhat is within 0.6 cm® of the bright statea, is only slightly

tion dynamics depends ananda. Also, the range in values -\, e strongly coupled than the one that is 1.6 ¢mway, b,
of observable properties is very large, for instance, the lifepecq 56 the overlap with the bright state wave function is
time of the bright state varies from 24 ps to 19.4 ns. Not only,, ,ch better for the dark state, Fig. 13b), than for dark
is the range of values large, but the order is sometimegtatea, Fig. 13a).
counter-intuitive. Increasing the coupling can cause the life-  gjnce the goal of this study is to relate the dissociation
time to increase! For instance, for=9, the bright state life-  qynamics of ArCJ to its potential energy surface, it is nec-
time for =1.6 A™" is 390 ps, while that for=1.8 A" is  eggary to extract the underlying trends from the seemingly
3.3 ns. This can be understood becausedferl.6 A™* the  grratic dependence of the measurable properties and a.
spacing between the bright and the nearest dark state is onfi \we average ovew, or @, some trends are evident. For
0.17 cni*, while for a=1.8 A™* the spacing is 0.57 ci.  instance, fore=1.6 A~%, the average percent intensity in the
Even for a single value at, the calculated lifetime can vary dark state manifold is 8.8%: while far=1.8 A~* the aver-
by 2 orders of magnitude over the small range of vibrationakge is 20% and for=2.0 A~* the average is 29%. From this
levels. Fora=1.6 A™* the lifetime of thev =8 level is 19.4 it js apparent that the coupling increases wittiaster than
ns, while that forv=9 level is 390 ps. That is, the two the density of states decreases. The measurable property that
values are different by a factor of 50! For these resonancegas the most direct dependenceis the dissociation line-
the spacings between the bright and dark states are abowidth, I', which is inversely proportional to the bright state
equal, so the difference in the lifetimes must be due to thgifetime. In the case where the golden rule appligss pro-
detailed nature of the dark state. The lifetime of the dal‘kportional to the square of the coupling between vibrational
state that couples with the=8 bright state is only slightly manifolds. The average value of the square rodt dr each
longer than the one that couples to the 9 bright state, so  value ofa is 0.04, 0.12, and 0.19 cn¥?, for =1.6, 1.8, and
we conclude that this is not the major cause of the very.0 A%, respectively. Similarly, averaging the square root of
different bright state lifetimes. Instead, the difference isI" over « gives the values 0.03, 0.09, 0.11, 0.13, and 0.22
mainly due to a poor overlap between the bright and darlem™2 for v =8, 9, 10, 11, and 12, respectively. Thus al-
state wave functions fop =8. Another indication that the though the individual values df do not have a monotonic
mixing between the =8 bright state and the strongest dark dependence on or «, the average values do. Therefore, if
state is very small is that the integrated intensity of the darkhe lifetime is measured for many vibrational levels, this data
state is very small, 0.05. Thus in the sparse limit of IVR thecould be used to estimatefor this potential.
dissociation dynamics will be extremely sensitive to the  In principle the product state distribution should contain
spacings between the bright state and the nearest dark statensiderable information about the intermolecular potential.
the specific nature of the dark state, and the coupling beSince the rotational distributions are very sensitive to hoth
tween these states. and «a, they serve as a very sensitive test for the potential.
An interesting example of the dependence of the couHowever, so far we have not been able to establish any trend
pling strength on the specific wave function of the dark statehat allows us to adjust the potential in order to obtain agree-
is provided by they =9 calculations. In the top spectrum of ment between the measured and calculated distributions. The
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FIG. 13. v =28 wave functions for the dark states corresponding tath®

5 bright state, fore=1.8 A~L. The states were obtained by diagonalization in

al an appropriate bend-stretch basis set and their energy was converged to
better than 0.005 cht. The upper plota, is the 43rdv =8 excited state at

3F 13.228 cm* below thev =8 dissociation threshold, which corresponds to

Sk —176.947 cm* below thev=9 dissociation threshold hence to the first
dark resonance to the right of the bright one in the middle spectrum of Fig.

1k 9. The lower plotb, is the 44thy =8 excited state at 12.239 crhbelow the
v=8 dissociation threshold which corresponds-td75.958 cm® below

0_8 s the v =9 dissociation threshold hence to the second dark resonance to the

right of the bright one in the middle spectrum of Figbp Notice that wave

is (A function a has little amplitude in the vicinity oR(Ar—Cl,)=4.0+0.1 A,
Cl - Claxis (A) perpendicular to the CI-Cl axis, where the bright state has it's highest
probability. In contrast, functiob has a peak in its probability in this
region. This accounts for the fact that the two functions are about equally
(igupled to the bright state even though functéois much closer in energy

to the bright state than is functidn

FIG. 12. v =8 wave functions for the dark states corresponding tath®
bright state, fore=1.6 A~%. The states were obtained by diagonalization in
an appropriate bend—stretch basis set and their energy was converged
better than 0.005 cfit. The top statea, is the 47th even symmetry van der
Waals excited state in the=8 manifold(13.86 cm* below its dissociation

limit). Its energy is—177.58 cm?® with respect to ther=9 dissociation
limit and hence it corresponds to the dark state resonance that is just to tig — 3 channel was never observed evenifer12. Although

right of the bright state in Fig.(8). The middle functionb, is the 48th even no sensitivity analysis was given, probably this implies that
van der Waals excited state in tlhe=8 manifold. Its energy is-177.02 Av = —3 dissociation accounts for less than 5% of the total.
cm ! with respect to the =9 dissociation limit. The bottom functiom, is . . .

the 49th even van der Waals excited state initke8 manifold, at—176.68 This would imply that the true value sz IS towarfjs t_he
cm~t with respect to the =9 dissociation limit. Stateb andc correspond  lower end of the range tested here. This conclusion is also
to the second and third resonances to the right of the bright state in(Blg. 5 supported by the experimental measurement that the lifetime
Note that functionb has significantly less amplitude in the region of for thep =11 level is Ionger than 85 ps.

R(Ar-Cl,)=3.9+0.2 A, perpendicular to the Chxis at the Gl center of . . .
mass. This is the region of the bright state wave function. Since state a has It is encouraging to note that the average fraction of the

good overlap with the bright state, and is also nearly at the same energy, @vailable kinetic energy that goes into rotation is quite simi-
is strongly mixed and borrows significant intensity. Because the overlagar for the experimental measuremenasd the calculations
between the bright state and functibnis rather small, the corresponding o 4rtad here. For both the experiment and the calculation,
transition is weaker than the transition to stateeven though staté is . . . .
closer in energy to the bright state than is state there was no obvious trend in how this fraction depends on
the initial vibrational quantum number. For the experiment,
this fraction ranges from 24% to 35%, with an average value
percent of vibrational predissociation that occurs through thef 30%. For the calculations using=1.8 A%, the fraction
Av=—2 channel varies smoothly with, and may be mea- ranges from 15% to 44%, with an average value of 32%. For
surable for the higher vibrational levels. In the experimentale=1.6 A~ the average rotational energy is considerably
study of ArCl, predissociatior, it was noted that the\v higher than measured for each vibrational level. This implies
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that the true value ofr is higher than 1.6 Al. Combined amount of data currently available for the lifetimes and the
with the conclusion of the previous paragraph, our initialAv=—2 propensity in thédv = —1 regime, we believe that
estimate fora, 1.8 A™%, appears to be quite reasonable. Wethe correct value of is in the middle of the range explored
conclude thate=1.8+0.1 A1 In the future, it would be here, or about 1.8 AL,

very useful to accurately measure both the lifetimes and the Although the full scattering calculations presented here
vibrational distributions to more accurately determine éhe are necessary for a quantitative comparison with data, it was
parameter. The rotational distributions could then be used téound that golden rule calculations are accurate enough that

adjust the anisotropy of the potential. they may be used for a rough fit of the potential. This will be
very helpful since the golden rule calculations are many or-
V. SUMMARY ders of magnitude faster than the spectrum calculations.
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