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Dynamics of linear and T-shaped Ar—I 5 dissociation upon B+« X optical
excitation: A dispersed fluorescence study of the linear isomer
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We report the dispersed fluorescence spectra of the linear and the previously well-studied T-shaped
isomers of Ar—} following B« X optical excitation forv,,;~=16—26, below the,ldissociation

limit. The linear isomer has a continuum excitation spectrum. For excitation at the highest pumping
energy {/,ump= 26), the product vibrational state distribution is nearly identical to that observed for
excitation above the,(B) dissociation limit; it shows a broad, nearly Gaussian distribution (&)l
vibrational states, with about 22% of the available excess energy deposited in translation of the
Ar+l,. This gives direct evidence that the “one-atom cage” effect seen above 4B |
dissociation limit is attributable to the linear Ar-isomer. The product vibrational state distribution
becomes increasingly Poisson for decreasing excitation energies, and only about 7% of the excess
energy is deposited in translation fog,,,= 16. The bond energy in the linear isomer is determined
from the spectra, 170f{1.5)<D{(linear Ar—h(X))<174(x1.5)cm’. A bond energy of
D{(T-shaped Ar—J(X)) =142+ 15cm ! is estimated based on the linear to T-shaped population
ratio observed in the beam, which is about 90 ¢remaller than that determined from fluorescence
spectra. We suggest that electronic quenching in the T-shaped isomer is nearly 100% for the highest
vibrational level produced by vibrational predissociation. 1899 American Institute of Physics.
[S0021-9606029)02041-3

I. INTRODUCTION gave results in poor agreement with the observed amount of
I, to Ar energy transfet-!! Such impulsive energy transfer
The binding, structure, and dynamics of van der Waalgoyid readily be the result of a linear isomer of Aj—How-
complexes of rare gases with halogens have been the sulyer, this isomer was not believed to be present in the adia-
jects of Iong-stapdmg;nvest@aﬂ&rﬁtu@es on Ar-Jhave  paiic expansion, since the very low effective temperature
been most prominerit, due to the readily accessible optical generally produces considerable selectivity and it was gener-
spectrum of § together with the facile, inexpensive produc- ally assumed that only one isomer is present with enough

tion of Ar—l,. In pioneering research, Blazy, DeKoven, Rus- opulation to be detected. In a little noted paper, Brown,

sell, and Levy e.stabhshed the emstenge Of. the T-shaped Is(g'chwenke, and Truhlar reported the calculated potential en-
mer of Ar—b; they observed vibrationally-resolved

fluorescence emanating froBistate } following the B« X ergy surface of He- they foi]'énd comparable minima for
electronic excitation of Ar—l2 linear and T-shaped geometri€s.

The 1981 report l;Zy Saenger, McClelland, and Fluorescence studies of Ar-Wvere continued by Burke
Herschbach showed that fluorescence, of freg dould’ be and KlempereP; they collected total fluorescence following
observed following excitation of Ar-lup to 1400 crat  €xcitation of the Ar— (B«X) band. They were able to
above the dissociation limit of.l This result was soon con- partially rotationally-resolve the excitation spectrum, thereby

firmed by Valentini and Croséwho observed the dispersed d€termining the rotational constants of the T-shaped A
fluorescence of the freg fter excitation of Arj by 488 nm the X.andB states. More |mp0rtant'ly, in addition to the ab-
radiation. They suggested that the “one-atom caging” effecfSOTPtion band of the T-shaped isomer, they observed a
is the result of impulsive transfer of the iodine atom vibra-Wavelength-independent fluorescence, which they attributed
tional energy to translational energy of the argon atom. Thid® the fluorescence from continuum excitation onto a repul-
energy transfer was also seen by Philippoz, van den Bergl§ive potential surface of the linear isomer of Ay—Their

and Monot® who reported the vibrational state distributions data gave the first indication that both linear and T-shaped
of 1, from fluorescence observed following excitation of theisomers are present under the identical expansion conditions.
I, B« X transition above th&-state dissociation limit in the Additional experimental indications of the existence of two
complexes Ar—J, Ne—b, and Kr—b. For all cases, the vi- geometrically distinct isomeric forms has been given by the
brational distributions show broad gaussian distributionsphotoionization studies of Cockett, Beattie, Donovan, and
with an average vibrational energy loss for the Arof  Lawley!3Since these works, the dynamics of the Arpho-
about 22% of the total excess energy deposite® istate  todissociation has been re-examined using a linear Ar—I
Ar—l,. Various dynamical calculations used to model thegeometry'***1and other calculations have shown the coex-
energy transfer based on the presumed T-shaped geomeisgence of linear and T-shaped As-domplexes in the elec-
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tronic ground staté®~'8For example, recent theoretical work To oots pummp
by Kunz, Burghardt, and Hes& using a supermoleculab

initio calculation, has shown the coexistence of linear and M
T-shaped Ar—J, with calculated well depths};) of 192.5 S|
cm ! and 179.2 cm?, respectively. Most recently, Bur-
roughs, Van Marter, and Heav€nhave reported that CR Slit hozzle
demonstrate that fluorescence from freepfoduced from Fu]

DJ

fluorescence-depletion, i.e., “hole-burning,” experiments

-
excitation above th&-state dissociation limit is not depleted ;’F oﬂc

with excitation into the T-shapel<— X band of Ar—}; they FM

did observe fluorescence depletion from the adjacent con-  ps cariontasen M

tinuum which had been aSSIQned to the linear isomer b)éIG.l. Schematic diagram of the vacuum chamber and ring dye laser cavity

5
Burke: (Coherent 899-21components. PB, pump beaffr ion laser bear) PM,
Linear isomers of rare-gas halogen complexes have begump mirror; FM, folding mirror; DJ, dye jet; CR, compensation rhomb;

confirmed by direct observation of the rotational SpeCtI’OSET' thin and thick &alons; OD, optical diode; BRF, birefringent filter; BP,

1 brewster plate; OC, output coupl€i%). The vacuum chamber is composed
copy of Ar—CIF (Ref. 20 and He—CIF:! For He~CIF, not of a 4 in. 0.d. T-tube and is positioned inside the laser cavity. The slit

only were pure rotational transitions of both the linear andnozzle, oriented 7° with respect to the horizontal, is parallel to the “inter-
the T-shaped isomer observed, but direct transitions betweesacting” laser beam.

the linear and the T-shaped isomers establish the linear iso-
mer to be the lower in energy. The experimental data and
calculated potential curves indicate both the linear an
T-shaped geometries are on the same, ground state poten?gj
energy surface of He—CIF.

rpendicular to the laser beam, in the region above the dye
. The laser beam enters and exits the chamber through
. ; : . Brewster windows glued to 1/2 in. o.d. tubing mounted in

_ Independent confirmation of the isomeric forms of A=l =i itra-Torr fittings. The laser beam is at a 7° angle with
is made difficult by _the extrem_ely small dipole moment of respect to horizontal at the intersection with the chamber; the
Rg—X, SL.JCh _th_at high resolution microwave spectroscopycajons are mounted at a similar angle, an@.5 in. below

on Rg-b s difficult. In an elegant microwave study,_Xu, the tubing center line. The chamber, in combination with the
Jager, Ozzlzer, anq Gerry observed only the T-shaped ISOMEB ewster windows settings, fits in the available space within
of ArCly, Stud|es on Rg—X system; have been mainly the laser cavity. The chamber is pumped from above by a
conducted via tr21;8<—x eIec2t4ron|c excnauonzéaf X for ex- Roots-type mechanical blower with pumping speed 328
ample, Ne-B;™ Ne-CL™ and Ar-ChL™ and only The argon used in the expansion flowed through a bub-
T—shapeq structures have been found. . bler which was filled with § and teflon chipgto increase the

. In this paper, we extend the work of Buﬁdey d!spers— surface aremand held at 60 °C. The inlet line following the
ing the Iase_r-lnduced fluorescence of linear Ar#i the bubbler was held at 70 °C to prevent condensation of the |
spec_tral region of 571 n_mv(= 16) to 5_43 nm ( =26), to The Ar—L, complex was formed by supersonic jet expansion
obtain the nascent vibrational populations £B) produced through a slit nozzle (108mx8mm), located 5-6 mm be-

by di_s;ociation of ArJ foIIowin_g gxcitation of trf(eBHx low the laser beam. The backing pressure behind the nozzle
transition in the complex. As indicated by Burkehe B\ 7 15 30 psi, resulting in a chamber pressure of 20—60

t_)x ftlugrescenclia froT (ta_xcnauon |Of I|rt]|:aar Agg_vrin " mTorr. The dye laser was pumped by 6—8 W of light from an
egrated over all excitation wavelengins, 1S Imes argon-ion laser operating in a multiwavelength mode. Two

the total integrated fluorescence of the T-s.haped. ISOMEyitterent output couplers were used during these experi-
However, the measured fluorescence of the linear isomer ents; with a nominally 2% output coupler the dye laser

any particular wavelength is_appro_ximately 15 times V\_'eak%utput power was 300 mW, which corresponds to a circulat-
than the pe_ak_ﬂuo_resce_nge Intensity _Of the T-shqped ISOMEHg intracavity power of 15 W. Replacing the coupler with a
as the excitation is split into a continuum. In view of the 1% output coupler resulted in an intracavity powet times

impossibility of safcuratmg_ an ab_sorpthn _contmuur_n, thehigher, or 60 W(the output power was too low to measure
present work exploits the intracavity excitation technique to

btain the relativel ker di d LIF sianal for the I directly). The frequency stabilization was 1 MHz for the
° ta_m the relatively weaker disperse signal for the .'n'long periods of integration time needed for acquisition of the
ear isomer of Ar—J. Our methodology and results are strik-

. o - 3 data shown here. Fluorescence was collected by a single 2 in.
ingly similar to the work of Philippozt al.® where fluores-

di d followi itat bove Ehstat diam f/3 lens located~12 in. from the interaction region.
gﬁsns(:)eci\;vt?(fn l:fnﬁterse oflowing excitation above Estate g image was rotated from nearly horizontal to nearly ver-

tical by two mirrors, and then reimaged at the entrance slit of
a 0.5 m /6.9) monochromatofActon Research Corpora-
tion SpectraPro-500 Since the entrance slit is vertical, the
The Ar—l, was formed in a molecular beam apparatusuniform section of the laser/molecular beam fluorescence im-
which was designed to fit within the cavity of a cw ring dye age corresponds to sampling across a narrow, uniform region
laser(Coherent model 899-21the apparatus is shown sche- which is parallel to the slit nozzle, i.e., which corresponds to
matically in Fig. 1. The molecular beam chamber consists o& region of uniform temperature and jet conditions. Moving
a4in. o.d. “tee” which is mounted inverted and with the tee the nozzle to laser distance made no changes in the observed

Il. EXPERIMENT
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vibrational populations or spectral features. The monochro-
mator was operated with a grating ruled at 300 grooves/mm,
which provides adequate resolution of the vibrational bands.
Fluorescence was detected with a silicon array detector
(Princeton Instruments, RY-5}2operating at-20 °C. This
experimental configuration gave coverage over 80 nm spec-
tral range in a single data set. Spectra shown are spliced from
several sets of overlapping data, obtained by changing the
center wavelength of the grating by 50 nm. Each data set was
accumulated over 10—30 min integration time.

With our experimental conditionflaser power levels, T-shaped Ar-I,
use of a slit jet, and appropriate heating of thénlthe inlet
line), the fluorescence following excitation of uncomplexed n
I, T-shaped Ar—J, and linear Ar—j in the jet was readily
apparent and distinguishable by eye, considerably aiding the
optimization of the system. The fluorescence from excitation
of the T-shaped Ar—lisomer is distinct from that from ex- Linear Ar-1,
citation of uncomplexed,lby the blue-shift in the excitation
band; the fluorescence from excitation of the linear isomer is
distinct by being noticeably lower intensity, and independent
of laser wavelength.

24

I, monomer

T T 1 T T
550 600 650 700

IIl. RESULTS AND ANALYSIS Wavelength (nm)

The lifetimes of the T-shaped ArxB) isomer is esti- , ¢ di d 1l foll
%5 hat for the linear isomer is estimated to FIG. 2. Overview o _ |§perse uorescence spectrum follovBi{g ,ump
mated to be 70 ps; tha =24)—X(v"=0) excitation of(a) I, monomer(b) T-shaped Ar— and(c)

be 150 fs, as discussed later in this paper. Since the lifetiminear Ar—,. The peaks indicated bl are due to laser scattering. A no-
of the complexes are orders of magnitude shorter than théceable energy gafthree b vibration quantabetween the pump laser and
radiative lifetime of the J (107®s), the observed fluores- first fluorescence emission bafiy B(v'=21)—X(v'=0)] in (b) clearly

. . . . indicates that the product vibrational state distribution for the T-shaped
cence S'Q”a_'s O”gmat_e from the dissociatg@) photofrag- complex is dominated by thAv=—3 channel. For the linear Arl the
ment emission. The dispersed fluorescence spectra therefaf@st intense feature in the dispersed fluorescence is peaked at 581.8 nm, or
reveal product vibrational state distributions of th;éBI) 33.6 nm red-shifted from the excitation wavelength. This peak has its main
photofragment following dissociation of the complexes ascontribution from } B(v'=17)—X(v"=2) emission. This indicates that

has b h in detail by L d Kt for the linear isomer the dissociation process is quite facile, which leads to
as been shown In detail by Levy and co-wor gures significant energy transfer from I—I vibration to fragments translation, with

2(a), 2(b), and Zc) show the dispersed fluorescence spectrane most likely process loss of seven vibrational quanta frg(B)l The
of I, monomer, T-shaped and linear Ag-ifomers upon,l  feature labeled b® in (a) is due to the (B,v’ =23)— X(v"=0) emission

B(Vpump: 24)—X(v"=0) excitation. The locations of exci- which is indicative of slight collisional relaxation in the jet.

tation frequencies for each isomer and validation for forma-

tion of binary Ar—b, rather than higher order A(l,), (m

>1n>1), have been extensively discussed by BurRéne  spectrum between Fig.() and Zc) demonstrates the co-
T-shaped Ar—] excitation band is discrete and is blue- existence of both linear and T-shaped Aridomers under
shifted by 14 cm?! with respect to the,|B—X band. The identical conditions in the jet.

excitation spectrum for the corresponding linear isomer is  To obtain details of the dissociation dynamics of the
broadly continuous. The dispersed fluorescence spectrum résr—I, isomers in theB state, we have recorded the dispersed
sulting from the continuous linear Aryisomer feature, as in fluorescence spectra of both the T-shaped and the linear
Fig. 2(c), is at a maximum when the pump laser frequency isAr—I, isomers following excitation in the spectral region of
tuned to within=5 cm ! from the uncomplexed,IB«—X  the b (B,Vpump=16—-26)—(X,v"=0) transitions (corre-
band origin. The dispersed fluorescence from the continuousponding to 571 nm to 543.5 nm in wavelengtfio avoid
linear Ar—l, is approximately a factor of 2 lower in intensity the complexity from high order clusters of 4£i,), the spec-

in between the maxima. The relative fluorescence intensityra of the linear isomers were carefully recorded using an
distributions for both isomers show little variation as experi-excitation within 1 cm?! of the corresponding free, IB
mental conditiongi.e., backing pressure and toncentra- — X band origin. Determining the relative population of final
tion) are varied. This assures that the excitation is from thgroduct vibrational states from the measured dispersed fluo-
Ar—I, isomers, rather than higher order clusters, as well asescence spectra is quite straightforward. The measured dis-
that the } product vibrational distribution is not irretrievably persed fluorescence intensity as a function of wavelength is
altered by collisions in the jet. The carrier gas density re-determined by the relative population of final product vibra-
mains high using a slit, rather than pinhole jet, and somdional states and the Franck—Condon fact&i€F9 of |, B
collisional relaxation of the nascenf is unavoidable. The «X. We calculated the corresponding FCFs based on the
remarkable difference shown in the dispersed fluorescenasell-determined J X and B states RKR potentiad$ using
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Linear and T-shaped Ar—I, dissociation

TABLE I. Product vibrational state distributiohsf I, (B,v) following photodissociation of the linear ArxI
complex upon 4B (v mg=26,24,22,20,18,16)- X (v"=0) excitation.

Linear Ar—b(B) vpymp State

26 24 22 20 18 16
upump(cm‘l)h 18 402.7 18 240.2 18070.1 17 892.2 17 708.5 17 516.5
I, product state
23 3.90.3
22 4.60.5
21 8.30.9 10.21.0)
20 9.00.9 10.711.0 14.01.49
19 12.81.3 12.21.2) 14.81.5)
18 15.41.5 16.41.6) 18.91.9 17.91.89
17 12.61.3 17.51.8 22.02.2 19.21.9
16 11.61.2) 12.01.0) 11.41.1) 23.22.3 29.93.0)
15 8.00.9 11.31.)) 10.31.0 16.1(1.6) 27.32.7)
14 7.20.7) 6.4(0.6) 6.000.6) 12.51.3 17.81.8 44.62.2)
13 3.50.9 3.00.3 2.700.3 7.700.8 15.01.5 25.31.3
12 2.80.3 3.40.3 9.91.0 18.30.9
11 5.7(0.6) 11.70.6)

7847

#The product vibrational state distributions are extracted from the dispersed fluorescence spectra and corrected
by taking collisional relaxation into account.
PThe exact excitation laser frequency which is nearly equal to the correspondiig X band origin.

LeRoy’s LEVEL program?® The observed fluorescence inten- laxation is too small to make a significant contribution to the
sity is also weighted by 2 to correct for spontaneous emis- fitted vibrational distribution, and therefore was assumed to
sion probability. Our fits were taken from the bluer emission;be zero. We thus take the collisional relaxation into account
at redder wavelengths the grating efficiency decreaseand correct the product vibrational state distribution obtained
slightly and the fitted spectrum generally shows a higheifrom the measured dispersed fluorescence spectra. The re-
intensity than that measured. The vibrational intervals of thesults are summarized in Table I. Figure 3 represents the cor-
B state have a spacing approximately half that of ¥e rected product vibrational state distributions of linear Ar—I
ground state. This results, at our level of resolution, in overupon b B(vp,mp < X(v"=0) excitation withv,,, ranging
lapping bands. In the spectra only the bluest emission fearom 16 to 26.

tures, {,,0) and {,—1,0) are distinct. For lower vibra- There is no evidence of significant rotational excitation
tional levels, such ag’ =14, the Franck—Condon factor for

(14, 0 is almost an order of magnitude smaller than the

redder featureg14, 1) and(14, 2. The redder features, how- o2 03
ever, consist of overlapping bands with transitions from v /I/I\I I I/I\E\I
smallerv’. For this reason we have only labeled the highest ot /I/E - A
frequency feature,\(;,,0) in the figures. ) (,/I I\x\l o

Under our experimental conditions, th&€B) fragments 8 o0 00
produced from the photodissociation of Agtindergo slight § 02{ V=24 i 031 y=18 I/E
collisional relaxation prior to radiative decay to the ground < //\\I\ 02 I/
electronic state. The measured product vibrational state dis—Dg_L o -/1/1 = 01 /I/I/
tributions must be corrected for this relaxation. It is evident ¢ 0o
from the L, monomer dispersed fluorescence spectrum as‘;_i; 0zl v=22 S ol v=16
shown in Fig. 2a), that there is a significant amount ¢ B) i /1 E\I\z
atv’=23; the emission at 550.8 nm as denoted@hyis the 0.1 = 02
[5(B,v'=23)—15(X,v"=0) transition. This shows that ‘//I

0

0.0
12 14 16 18 20 22 24 10 12 14 16 18 20
I, Product Vibrational State

[,(B) atv’=23 is populated due to the collisional relaxation
from the initially prepared,(B,v’ =24) state. The popula-
tion ratio of [I(v' =23)]/[I(v'=24)], with FCFs taken into
account, is approximately 0.25. We recorded thebnomer B ; )

. . , from photodissociation of linear Arzl following I, B(Vpump
dISp?rsed fluorescgpce from’ =15 to v n 26 and found . =26,24,22,20,18,16)-X(v"=0) excitation. The distribution for eaahm,
that in our jet conditions the corresponding population ratiostate is deduced from the dispersed fluorescence sp@strshown in Fig.
[I(v'=21)/I(v")], is invariant with the initially prepared’ 2(c)) incorporated with the correspondingB— X Franck—Condon factors.
state. This is also consistent with the results previously reFor consistency, the pump laser frequency used in each excitation is cen-
ported by Levy and co-worke?’sThe ratio of Av = — 2/Av tered abouF th_e correspondlngB«_—X pand orlglp(le_ss thant1 cm ): A

. ’ . radual shift in the J product vibrational distribution from Gaussian to

=—1 may be estimated to be near 1/4 from early COIIISOnagoisson is observed agyym, varies from 26[ry(l-1)=3.35A] to 16
relaxation measuremert$Thus theAv=—2 collisional re-  [rI-1)=3.19 A].

FIG. 3. The relative population 0§(B) product vibrational states resulting
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linear or T-shaped Ar-l First, higher resolution spectra Voump™
taken using a 1200 grooves/mm grating, but not shown here,
show no difference in the rotational envelope in the fluores-
cence from the linear or T-shaped As-ds compared to that
of the monomerJ Some rotational relaxation is evident in

in the L(B) produced from photodissociation of either the mJ

T-shaped

the spectra of all three, which is attributed to collisions 10
within the high-pressure jet; an average of two collisions  Linear o .
would make an average loss of four rotational quanta. Sec- . b e

ond, the peak envelopes are not broadened with decreasing
vibrational level in the dispersed fluorescence spectra. This
demonstrates that the excess energy is partitioned into trans-
lational energy, not rotational excitation. Third, the peak po-
sitions (frequencies are as predicted for a fluorescingrb-
tational population at low- levels. The peak positions also
do not show a frequency shift which changes with decreasing
vibrational level in the dispersed fluorescence spectra. Thesgc. 4. pispersed fluorescence spectrum@fT-shaped(b) linear Ar—L,
results are consistent with little to no rotational excitation ofisomers uponj B(vm= 16)—X(v’'=0) excitation. The peaks indicated
the photodissociated,,| which is as expected if the Aryl by W are due to laser scattering. The inset diagrams represent {8 |

: - - - -~ ibrational product state distributions. Both isomers show strikingly similar
dissociates from either an exactly linear or exactly T Shapegoisson distributions but different onsets of thgioduct vibrational states

geometry. _ o (v'), with v’ =14 for the linear Ar—} and that ofv’ =13 for the T-shaped
Each isomer of Ar—] yields a photofragment distribu- isomer. The overlapped simulated spectra show excellent agreement with

tion that is distinctive in the resu“:anzt fluorescence. In gen- the experiment. The linewidth used in the simulation is 1.65 nm, which is

. . N . ~ ;< _Mainly limited by the resolutiofi300 groves/mmof the monochromataias
eral, the product vibrational distribution of the T-shaped iso is evident from the laser scattering peak widtHere and in Fig. 6 only the

mer shows a Poisson distribution, with onset of the | highest frequency feature is labeled. As discussed in the text the more in-

product vibrational statev() appearing at/' = (vpump— 3) tense lower frequency features are blends of several overlapping bands.

for these excitation frequencies. Our results for the T-shaped

fluorescence are in excellent agreement with earlier work of

Levy and co-worker$;* our data show no improvement upon about the ground state binding energy; these energy relation-

the earlier fluorescence data of Levy and co-workers, and arships are shown schematically in the energy level diagram of

not shown. Fig. 5. As can be seen from the energy cycle of Fig. 5, the
The dispersed fluorescence spectra of the linear isomephoton energy initially deposited into the compldw; , is

an example of which is shown in Fig(@, demonstrate how equivalent to the sum of the ground state binding energy and

dramatically the vibrational populations of the resulting freetotal energy of the fragments resulting from the dissociation

I, are affected by the transfer of energy from thescillator  of the complex; that is,

to translational energy of Ar-l This energy transfer is also

a dramatic function of the excitation energy. For the highest

T T T T T T T T T 1
560 580 600 620 640 660 680
Wavelength (nm)

vibrational excitation ¥,mz=26), the } transfers an aver- AL + 1,(B), Yoump
age of about 22% of the Vibrational excitation into kinetic f T T
energy of the Ar, and the resultant vibrational distributions L AB) Vo | DoACL(B) AG(1o(B)

are broad and Gaussian. The vibrational distribution is simi-
lar to those observed by Valentini and Crésad by Phil- | Y Yy
ippoz et al.® for excitations above the B-state dissociation Ar + 1,(B), V'
limit. Our data, taken for excitation energies where the two
isomers are distinguishable, clearly show that the abundant
linear isomer of Ar—j is responsible for the “one-atom cage
effect” observed at excitation energies above Bastate dis-
sociation limit.

For lower vibrational excitationsvi,m,=16,18), the J Ar + 1,(X)
transfers much less of the vibrational energy into kinetic en- e ———— e m - - -
ergy of the Ar, with the distribution fow,m;=16 being D, (Ar-1,(X))
nearly identical to that observed for the T-shaped isomer, as
shown in Fig. 4. Both isomers show strikingly similar vibra-
tional distributions, but different onsets for theffagment kG, 5. Energy level diagram showing the relationship between the excita-
vibrational product states/(), with v/ = (vpump— 3) for the  tion energy biv) and fluorescence energhi;), from which Eqgs(1), (2),
T-shaped isomer and’ = (Vpump_ 2) for the linear isomer. and(4) are derived. Note that the energy relationships are corredidtr

3 . the linear and the T-shaped Ap—Energy increases to the top in the figure,
For both the T ShapEd and linear Ag—domplexes, the but for clarity the spacing between levels is not proportional to energy. The

_OnSEt of the f_ragm_en_t vibrational product state ,O_ result- ~ quantityAG(I(B)) is defined as the vibrational energy difference between
ing from the dissociation of the complex reveals informationthe v’ andv yy, levels in free 4, G(v',15(B)) = G(Vpymp.12(B)).

hv, — hv;

ArLX), V=0
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Vpump=23 If the Ar—I, has internal energy, the energetics of the
excitation and fluorescence process are such that

Eo+hyi= DS(X) +hvi+ Eganst Eor- (3

The internal energ¥, consists of rotation and vibration of
the Ar—lL. Some picture of the initial excitatiok, is ob-
tained under the assumption of thermal equilibrium in the jet.
The jet temperature of 155 K is taken from detailed studies
of hydrogen fluoride expansions in argon performed under
similar expansion conditiorfS. The degrees of freedom rel-
v evant to the present are most likely internal vibrations, since
550 600 650 it is unlikely that rotational energy of the complex may be
Wavelength (nm) facilely converted into vibrational energy & state }. The
FIG. 6. Dispersed fluorescence spectrum of linear Arfellowing (@ I, high-frequency vibration 9{ the Arzlcomplex is gssentlally
B(V pumy= 23)— X(v"=0) excitation at 18 156.4 crit and (b) I B(Vpump that of I?, namely,. 214 cm-. At 15 K .the populatlon of the
=24)—X(v"=0) excitation at 18 240.2 c, respectively. The peaks la- first excited state is negligible. The vibrational frequencies of
beled byV,m, are due to laser scattering. The onset of theproduct  the soft intermolecular modes of the two isomeric forms of
vi_brational state{denoted_by'arrovvis red-shifted bytwo vibratior_1al q_uanta Ar—|, are similar. For the linear isomer the vibrational inter-
with res_pect to the excitation frequency (g) e'md by thre_e V|brat|qnal | lculated using the Kunz. Burghardt. and Hessten-
quanta in(b). The linear Ar—} ground state binding energy is determined to V_a _Ca cu 1 9 ! g ’ w_ .
be 170(1.5Do(X)<174(1.5) cmi® (see the text for details tial is 22.2 cm - for the degenerate bend. At the nominal jet
temperature of 15 K this results in 18% population in this
level. The stretching vibrational interval is calculated to be
27 cm %, resulting in a population of 6% in this level. Add-
ing these two excited populations gives a total excited state
where D§(X) denotes the ground state binding energy ofpopulation of nearly 25%.
Ar—l,, EyandAr+1,) is the translational energies of the frag- Evaluating the contribution of these excited states, in
ments, anchy; is the final |, fragmentB— X emission pho- particular the degenerate bending level, to the estimated dis-
ton energy. As noted previously, we have found no evidenceociation energy is slightly complicated. We first combine
of significant product rotational energwhich would be in-  the two states and assume that the photofragment distribution
cluded inhw¢). The upper limit of Ar—} ground state bind- is similar to that of the ground state. The vibrational distri-
ing energy, from the limit in which Ar and,Iseparate with  bution of photofragmenB-state } following excitation of
zero translational energy, is then given by the higherv,yy, levels, v,ym=22 shows a Gaussian distri-

" bution, thus the highest’ level produced could result from
Do(X)<(hwi=hwy). @ {ransitions from excited vibrational levels of Ar{K). The
Equations (1) and (2) are equally valid for either the consequence of this would be to increase our estimate of the

T-shaped or the linear isomer of Ar-IHowever, since the dissociation energy by 22.2 ¢th We do not believe, how-
B« X excitation for the linear isomer is continuous, the pho-ever, that this occurs. For the excitation of leyy,,, levels,

ton energy can be varied continuously, and potentially an particular,v =16, the photofragment vibrational dis-
more accurate limit t®g(X) observed; the T-shaped isomer tribution is peaked at the highest, level (v{,=14). This

is limited by the discrete band system in the excitation. Fig-high abundance rules out the production of this level from
ures Ga) and &b) show the dispersed fluorescence spectra ofransitions where the Ar-(X) is excited to the state with
linear Ar—J, for excitation tov ,,;=23 (18 156.4 cmY) and one bending quantum. Explicitly, the laser pumping is at
Vpump= 24 (18 240.2 cm?), respectively. We observe the on- 17516.5 cm® and the highest energy fluorescence is ob-
set of the } product to bev’=(vymp—2)=21 for vpmp,  served at 17 315.7 ch, setting an upper limit of 201 cnt
=23 excitation, which determines an upper limit D (X) for the dissociation energy of the compleRg. We make

of 174 (+1.5 cm 1, For vpump=24 excitation,v' =(vp,mp  similar arguments for pumping at,,,=22 and probably
—3)=21, which is interpreted to mean the = (v ymy—2) Voump= 24 since here the highest level produceg, has a
=22 is not accessible becauf¥)(X) is greater than the relative population of 14% and 10%, respectively. If all of
difference in the pump photon energy and thi&{\{' =22) the highest level were produced from hot band excitation this
—X(v"=0) emission energy. A lower limiDg(X) of 170  requires a quite peaked vibrational distribution in the result-
(+1.5 cm 1 is therefore obtained by the energy differenceing photofragment,l This would mean that the dissociation
betweenv p,me= 24 (18 240.2 cm?b) and |, fragmentB(v’ of the hot bending state is entirely different than the ground
=22)—X(v"=0) emission at 18069.8 cm. The ground state. Physically it is not obvious that the energy in the bend-
state binding energy of linear Arsxlis bracketed to be ing mode will appear in the vibration of the photofrag-
170(=1.5)<Dj(X)<174(=1.5) cm . All other spectra ment. We therefore believe that the error estimateDgf
show vibrational onsets consistent with these limitit  should not be significantly increased from that obtained ig-
much less accurately bracket tBg(X)). noring the thermal population of the ArxI

hVi:DS(X)"_th"'Etran&Ar_HZ)’ @
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IV. DISCUSSION co-workers® which is consistent with those states being en-
) ) ) ergetically accessible, and all but a small fraction quenched.
In order to carry out a meaningful discussion of the gn | intensities in these states are below our poorer signal
Ar—1,(B) photodissociation dynamics, we need to establish, ngise jimit. We therefore conclude that the bond energy in
what is known about the potential curves, i.e., d|ssouat|on|-_shaped Ar—J is weaker by about one quantum Bfstate

energies and bond lengths, for the T-shaped and linegry yipration (80 cmi?) than that previously reported. We

isqmers in both the andB.stat.es. We take as the starting i return to the dynamical implications of the T-shaped
point our accurate determination of the bond strength forquenching later in this paper.

the linear isomer, 17G¢1.5)<Dy(linear Ar—b(X))=174 These bond energies can be compared to the results

(£1.5cm *. The fact that the linear and T-shaped isomersyt the most recentab initio CCSD(T) calculations of
are both observed in the jet under identical conditions showg ,n, et al. who gave calculated well depth®,, of

directly that the bond energies for the linear and T-shapeqgo 5 ¢t for the linear isomer and 179.2 crh for the
isomers must be similar, under the assumption of isomerizaT_Shaped isomer of Arl If these are corrected for the
tion equilibrium. Burké has previously estimated that iso- zero-point energies, estimated to be about 20 tfor the

i i it inli T_
meric composition of the jet i&l"™?/N —_3. _We note that jinear isomer and slightly less for the T-shaped isomer, their
this estimate was based upon a flat excitation profile for the,g jts give DY(linear Ar—b(X)) ~ 173 ¢, and D}(T-

linear isomer. Here we have found a variation of a factor Ofshaped Ar—J(X)) ~160 cni L. Their calculated energies for

two in the excitation profile. This produces an uncertainty ing,« two isomers are thus in close agreement with our deter-

the estimate of the relative absorption of the two isomeriGyination of the bond energies for the linear and T-shaped
forms. The jet temperature is estimated toTre 15+ 5 K. isomers in the ground state.

The geometry of the two isomeric forms is known well — \ve symmarize the known energetics and molecular
enough to obtgln the ra'tl'o of rotayonal partition functlpns; atparameters as follows: The bond energy of the linear isomer
;5 K the rotatlonal .partlt'lon function of the T-shaped isomer;g D!(linear Ar—b(X)) = 172(+3.5) cmi L (this work); the

is approximately eight times greater than that of the lineag, 4 energy in the linear excited state is unknown. The

isomer. The contribution of vibration to the partition func- yitterence in energy between the linear and T-shaped
tions is ignored. Under the assumption of the existence ofomers, based on the equilibrium linear to T-shaped ratio
equilibration between the two forms we calculate bgtof ¢ 3.9 (determined from the fluorescence in the jet by

the linear isomer is (20.5)kT larger than that of the Burke) is D/(linear Ar—L(X))— Dly(T-shaped Ar—J(X))
T-shaped isomer. This is 3012 cmi %, where our error esti- —30+12cml, from which we estimate DJ(T-

mate includes a 5K uncertainty in the temperature. We thu§haped Ar—i(X))=142+15cnm L. The blue shift in theB
calculate that the T-shaped isomer has a bond strength of v . .itation frequency (determined by Levy and
142+15cmi . This bond energy can be contrasted with theco—worker§)=13—14 cm'! (depending on vibrational level
T—shapec’ bond energy found by Levy _alnd co—worke_rs Ofjictates  that D!(T-shape dAr—i(X))— D}(T-shaped
234.2<Dy(T-shaped Ar—j(X))=<240.1cm —a dramatic Ar—1,(B))=14cml, so that D)(T-shaped Ar—\(B))
disagreement. Levy and co-workers used an alternate ap- 128+ 15cnil. The rotational contours in thB— X fluo-
proach to determine the Arybond energy, which is also oqcance spectrum were used to estimate theAveind dis-
evident from Fig. 5. They used the alternate relationship, tances, R}(T-shaped Ar—{(X))=4 02 A and R}(T-shaped

D4(Ar—15(B)) =[G(V pump: 12(B)) = G(v',15(B))] Ar—1,(B))=4.04 A (from Burke). Bond distances in the lin-
ear molecule cannot be determined experimentally, because
—Eyand Ar+13), (49 of the continuum excitation spectrum. Finally, we point out

thereby determining the bond energy in the exciBestate that the observation of the distinct fluorescence spectra show
that the two isomers of Arlare noninterconverting, and the

Ar—1, from the point at which the fluorescence photon en- g Y ;
ergy is largest, which presumably occurs at the threshol@otodissociation dynamics for Ar£B) occur separately,
where E .. {Ar+1,) equals zero. They then applied tBe as slegen in this work and the recent work of Burroughs
—X blue shift of 14 cm? to determine the ground-state €t 2! _ _ _ o
bond energy. Since our vibrational state distribution for the ~ Further discussion of the dynamics of the photodissocia-
T-shaped isomer fluorescence is in excellent agreement witfion Of Ar=12(B) is now possible, given the above energetics.
theirs, we have no reason to question their fluorescence datd/® Pegin with the energy balance equations for the initial
This discrepancy between the expected T-shaped bond eRreparation of the Ar-(B) state, shown schematically in
ergy and the one determined by Levy and co-workers is sur='9- 7

prising and unexpected. We conclude ttia highest vibra- N Ar C(Ar_
tional level of photofragmentl, produced following hwi=Do(Ar=12(X)) + To(12(B)) + Evip(Ar=12(B))

excitation of T-shaped Ar—(B) must be essentially 100% —G(0)(I1(B))—DA(Ar—Iy(B)). (5)
qguenched. That is, this level shows nearly 100% “electronic
predissociation” to theB” 1I1,,, state of Ar—}, which has a In Eq. (5), hy; is the energy of the exciting photdas in

potential curve which is repulsive, i.e., dissociative tol |  Eq. (1)); Dg(Ar—1,(X)) is the bond energy between Ar and
and therefore does not fluoresce. Indeed, small intensities &(X), or 172 cm®; To(1,(B)) is the excitation energy of the
an |, vibrational state withv’=(vp,m;=2) are seen in the B state in free ], or 15724.49 cmt; E in(Ar—I,(B)) is the
dispersed fluorescence spectra of Ar-d0f Levy and total vibrational energy in Ar—(B); G(0)(I,(B)) is the
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e Ar-B), Voump _ _ _ . TABLE II. Linear Ar—I,(B) complex photodissociation energetics.
- _Ar+—|2(B)’_V_’ ________ T_Eﬁra"s(Ar * |2)“ Vpump Eavl (Cmil)a <Evib> (Cmil)b <Etran9 (Cmil)c <Elran9/EavI(%)
Ar + 1,(B), v'=0 E.in(Ar-15(B)) 26 2568.7 2011.8 556.9 21.7
m--- - E.i(12(B)) 24 2406.2 1992.4 413.8 17.2
4 l ~G0)1(®)) 22 22361 1975.9 260.3 11.6
Ar +1,(B), r, 20 2058.2 1828.6 229.7 11.2
hvi ] et oo 18 1874.5 1685.6 188.9 10.1
l‘De (Arl(B). re) 16 16825 1553.1 129.4 7.7
Ty(»(B)) Ar-1,(B), R, r, % .., total available energy of photofragments.
®(E,;p), average vibrational energy of fragments, obtaining from the prod-
uct vibrational state distribution data shown in Fig. 3.
Are LN o _. ‘Average translational energy of photofragments.
4 p.(ArL0)
ALR), V0

This provides a convenient way to express the partitioning of

FIG. 7. Energy level diagram showing the total vibrational enerdgy-gtate ; : ;
Ar—1, as a function of excitation energy, from which Ed8)(9) are de- the excess energy between the resulting vibrational energy of

rived. Energy increases to the top in the figure, but for clarity the spacind2(B) and the recoil translational motion of Ar ans(B),
between levels is not proportional to energy. Note that the vibrational ener;,:wera e % recoil translational ener
giesE,,(Ar—I5(B)) andE,,(I,(B)) are defined with respect to zero at the g 0 ay

equilibrium bond distances, and the quanfiB,(12(B)) + Eyand Ar+1,) ] is _ . ]
defined as the “available energyF,,, of Eq.b(8)2. t =100%x (Eav—(Evin(12(B))))/Eau (10)

The averag€E,;,(15(B))) is directly determined experi-
mentally (population fraction in Table | times the
) 1 E.in(I2(B)). The quantitie€,,, (E,i(I»(B)), and the aver-
zero point energy of free,(B), or 62.54 cm? and 400 nercent recoil translational energy are summarized in
De(Ar-15(B)) is the bond energy between Ar ang(B),  Taple I1. A graph of the average percent recoil translation
which is not known. Note that the rotational energy,; is energy is given in Fig. 8. The data points for tie
assumed negligible, and therefore set equal to zero iR, —16_26 are from this work; the two points above Bstate
as expected for dissociation of an exactly linear Ar-dnd  issociation energy are calculated by us using the graphical
as observed from our spectra and discussed earlier. The Vizesentation of the vibrational state distributions given by
brational energy in the Arland I-I potentials, with the  ppjjinnoz et al® Figure 8 shows in a very dramatic fashion
zero of energy being at the equilibrium bond distances, ighe synstantial difference in vibrationalitranslational energy
found by substitution into EqS), distribution on going from the lower,,,, excitations to the
Evi(Ar—l5(B))=hv;— 15834 cm'+D.(Ar—I,(B)). higher v,,mp €Xcitations. It also gives a clear presentation
(6)  that the average percent recoil translational energy reaches a
maximum at~v,,m,=26, and further, the average percent
recoil translational energy shows no discontinuity between
excitation in the bound states versus excitation above the

Following dissociation of the complex, the final vibrational
energy in freed, E,iy(15(B)), which is the observable in this
experiment, is given by Fig. 7 and E(),

Euin(12(B)) =Eyin(Ar=15(B)) —D¢(Ar—I5(B))
- Etrans( Ar+ |2) . (7)

The final translational energies of Ar angldre determined
by the initial parameters of enerdgiven by Eq.(5)), bond
lengths, and atomic momenta of A{B) (determined from
the excitation energy and the Franck—Condon parameters
The trajectories of the Ar(B) are then determined by the
evolution of the excited state on the potential energy surfaces
of Ar—I,(B).

An additional view of the system is to define the avail-

able excess enerdgnergy in excess of the Ail,(B) disso- ol ' . ' . . . ]
ciation limit) of Ar—1,(B), 1500 2000 2500 3000 3500 4000 4500 5000

Eu (cm™)

I, B state
Dissociation Limit
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1
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o
e
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w
1
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(=)
1

A

19,1
L

[Recoil Translational Energyl/[E,,] (%)

Eav=Euin(12(B)) + Egand Ar+15), (8)
. . . FIG. 8. Average percent recoil translational energy vs total available energy
which from substitution of Eqs(.6) and(7), or by examina- (Eaw) graph represents the wavelength dependent photodissociation dynam-

tion of Fig. 7, can be seen to be entirely determined by thecs of linear Ar—}, (B). Data below theB state dissociation limit are taken

excitation photon energy, from Fig. 3 and Table Il. Data above the dissociation limit are estimated
from Philippozet al. (Fig. 8 in Ref. 8. The percentage of total available
Eav= Evib(Ar—I5(B)) — D/ (Ar—Iy(B)) energy partitioned into recoil translation shows a sharp increase from
Voump=16 (7.799 10 vpum=26 (21.7% and reaches a platea@23.2%
=hy;— 15834 cm™. 9 above the 4 B state dissociation limit.
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B-state dissociation limit. This gives very clear evidence thagiven by Eq.(5). The Ar—}, was constrained to linear geom-

the caging process observed for excitation to energies abo&ry. We modeled the, Ipotential curve by using a param-

the dissociation threshold has identical molecular dynamicsterization of theB-state RKR potential curv& Three dif-

to the process below the dissociation threshold. Stated aferent potentials for Ar—l were chosen, namely, a purely

other way, the process above the dissociation limit therefor@epulsive potential modeled by a single exponential,

does not proceed via a “dissociation” followed by a “re-

combination” of the }. V(Ar=1(B)) =Aexd — B(Rar1,~Ry) | (12)
We note that Beswick and co-worké&tsproposed a

. o _< asimple Morse function,
mechanism for the 1-atom cage effect beginning by initial

excitation to the repulsive” 11, state(perpendicular tran- V(Ar=15(B)) =De{1—2 exd — B(Rar1,~ Ri,~ Re)]
sition) then undergoing nonadiabatic crossing to Ehstate.
This mechanism has been ruled out by Zewail and texd—2B(Ra,~R,-RoT} (13

1
co-workers! _ , ~_ and the pairwise diatomics-in-moleculé®IM” ) potential,
Quantum dynamical calculations on the photodissocia-

tion of Ar—I, have been reported by several authors, but have ~ V(Ar—I5(B)) =De{2—2 exf — B(Rar1,~ R;,~Re)]
only been concerned with the dynamics above Bastate

dissociation limitt1314A relatively detailed treatment is un- +exd —2B8(Rari,~ Ri,~Re) |
derway by Halberstadt and Jantfaheir preliminary results

. . : —2exg — B(Ra—_.TR.—R
do show substantially smaller percent recoil translational en- = B(Rar1, TR~ Re)]

ergy for the lowerv,,,. It is beyond the scope of our +exd —2B(Rar_1,+ R —Re) ]} —Z.
present work to develop quantum dynamics. We find that a 22

limited development of the classical dynamics of the photo- (14
dissociation of collinear Ar-lprovides us insight into the The various parametess 3, D, R., andZ are taken as

trajec'Fory gnd the energy trar'\sfer from the 1-1 vibrationaladjustame parameters. The bond diStaRR&|2 corresponds
coordlnatg Into the_ Ar translational motion. T to the distance between Ar and the center-of-mass ofghe |
The simplest picture of Ar—-(B) after excitation is that and Ry, is the I—I distance. The form of Eq14) is taken
it consists of a compressed oscillator, the I1-I, prepared Wiﬂfrom Gray® note that D, is the bond energy in the
’ e

lz_gr_o mO(;T“i”t“m a?dthwnh a bodnd tdltstanzcg 6e7ql'1&al fl?hthiequ'l‘—shaped isomer of the model potential; the bond energy in
lbrium distance of the ground state, 2. - 1N€ A 1Sthe model potential for the linear isomer is somewhat less,

Zonflderfd tal freely e;ttacrllleg ?artmle, m(taantlﬂg that t??and so the zero of energy is adjusted with the paranigter
r—l, potential 1s zero for all distances greaterhan an arblyye ¢ppge parameters for the repulsive curveAefl—-3

trary hard-sphere distance, so that in E¢5) and (6), x10Pcm ! and B=2.4—-4.4A 1 and parameters for the
Do(Ar—I,(B))=0. At the hard-sphere distance the potentiaIMOrse potential ofD,=100-200cm?, B=2.4-4.4 K1
(and resultant Ar—J force) becomes infinite. The initially 6" 365 4 36 &' For potential of Eq14) we used the
prepared Ar—J(B) has the Ar to J distance at the hard- valuegD =122cm’Y, B=1.3228 A%, and R,=4.2003 A
sphere value. The Ar is accelerated by the expanding I_Jall as giflen by Graiyf‘) with Z=117 écml ¢

oscillator until it reaches the maximum velocity of the Aj—I ' ' '

Isys;etr;;],' Wh'(.:ht'sthat;he equml;)nu;n bo:nd %sl;tﬁncd?eﬁtt?te Eq. (12), causes the Ar to be ejected relatively rapidly, with
2 is point, the Ar separates from thg With no further only about 2%—4% recoil translational energy. In effect, the

change in_ its mpmentum. The(B) OS.Ci”at.m reaches the Ar “does not wait around” to get a push from the expanding
outer turning point for the_ reduced V|brat|qna| energy. For|2 oscillator. The small vibrational energy transfer seen ex-
thls classical _baII. and spring system the final total tranSIaberimentally in thev pumg= 16 is somewhat more typical of
tional energy is given by the purely repulsive Ar-lpotential. The model shows little
Er=Eqand AT+12)=(Ma /(M a+ M, ) Eyin(Ar—Iy(B)), change in the percent recoil translational energy as a function
(11) of Vpump, fromvp,m=16-26. There are no “obvious,” that
is, physical realizable, parameters whereby the energy trans-
in which M, and M, are the masses of Ar and. IThis  fer is increased with this pure repulsive model potential.
model predicts that the same fraction, 13.6%, of the vibra-  Either the simple Morse potential, Eq13), or the
tional energy of Ar—§(B) is transferred to translational en- Morse-type potential of Eq.14) give similar results for the
ergy, independent of ,,,,. The amount of this energy.e.,  vibrational to translational energy transfer. In the first 0.08
number of vibrational quanta Igstvill decrease with de- ps, the Ar to } distance decreases, as theokcillator ex-
creasinge,;,(Ar—I5(B)). The oversimplification of this most pands, thereby “pushing” the Ar higher on the potential
elementary picture may be readily seen from comparison tavell at the inner turning point of the Arxlpotential; this
Fig. 8, in which the average translational energy released d%ush” is partially responsible for the increased vibrational
a function of initial excitation is shown; this simple model to translational energy transfer with the Morse-type poten-
gives a horizontal line near the average recoil energy. tials. The } continues to “push,” transferring momentum to
We chose to model the classical dynamics of A(B) the Ar, up to the point at which the, reaches the outer
in somewhat more detail by solving Hamilton’s equations ofturning point, after~0.15 ps. The rate of momentum transfer
motion for the Ar—} system prepared with the energy asdecreases after this, although the Ar continues to accelerate

The purely repulsive potential between Ar and ads in
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until about 0.21 ps, when it has reached the distd&ciEom dynamics have been carried out by Martehsl. using time-
the b; the Ar slows down slightly after this, as it climbs the dependent wave packet quantum mechanics and quasiclassi-
potential well to dissociate from the.l The Ar slows to cal trajectory calculation®, based on the Ar—I pair potential
105% of its final velocity after about 0.7 ps, and an Ar—| obtained from the ZEKE experiments of Neumark and
distance of~8 A. For the parameters as given above, we findco-workers® Their results, in reasonable agreement with the
about 20%—-32% recoil translational energy; the 20% valueexperiments abové state dissociation limit by Philippoz
is for B=2.4 and 32% forB=4.4.(The percent is not very et al.® have shown that the final vibrational state distribu-
sensitive to eitheD, or R, .) Although this predicted energy tions of L(B) following the photodissociation of the linear
transfer is comparable to the recoil translational energy seefir—I, complex is strongly dependent on the weak Ar—I in-
experimentally for highev ., these models again show no termolecular interaction potentials. It is also pointed out by
variation in energy transfer as a function\gf,,. these authors that calculations using an inappropriate Ar—I
In conclusion, our fluorescence data give no direct deterinteraction potential, even based on the collinear Argd-
mination of the potential surfac@®r even bond energyof  ometry, shows an,lproduct vibrational state distribution sig-
linear B-state Ar—}. Comparison of our model potentials nificantly different from the experimental ones. For the pho-
and classical trajectories to the observed fluorescence sutpdissociation of the linear Ar| the final L(B) vibrational
gests:(1) There is no inherent reason for the Asplotential  state distribution directly reflects the initial radial distribution
to be repulsive to explain the continuum excitation of At—I of the complex in the ground electronic state with the reflec-
First, the repulsive model potential does not yield final vi-tion mediated by the uppd state potentia(reflection prin-
brational states which adequately match the observed vibraiple). An unrealistic ground state potential energy surface
tional distribution in the J(B) product. Second, the purely would not be able to give a true initial radial distribution in
repulsive curve would give a much more rapid, direct pho-the ground state; the electronic excitation of the complex
todissociation, such that the fluorescence intensity wouldvould then vertically propagate the ground-state nuclear
show no variation as a function of excitation wavelength,wave functions(geometry distributions onto the B-state
whereas a factor of 2 decrease in the intensity between vivave functions. This would make the predicted initial pa-
brational bands is observed. Third, a lifetime of Ay-ef  rameters of theB state very far from the correct ones, and
0.15 ps, which is reached at the I-I turning point, corre-consequently give rise to incorrect product state distribu-
sponds to a lifetime broadening of an individual transition oftions. Excited state potential energy surfaces are notoriously
18 cm L. The overallB«—X band system will therefore be inaccurate. Indeed, the dynamical calculations have largely
broadened, even if the Ary$tate is bound. The Ar-I'life- relied on model potentialge.g., diatomics-in-moleculgs
time” may be shorter than this; the classical modeling showsvhich would then cause errors in the Ag-B-state dynam-
that the } has lost about one vibrational quantum of energyics, amplifying the inaccuracies. It is imperative to obtain
(i.e., changed its statén the first 0.05 ps, corresponding to a high quality ground state anB-state potential energy sur-
lifetime broadening of 53 cit. This is remarkably close to faces for Ar—} as a starting point for dynamics occurring in
the estimate provided by considering a gaussian of full widththe B state. The high rigidity of the ground state, together
57 cmi ! centered at each I-I vibrational band, which would with the very direct dissociation in thB state make it un-
result in the observed decrease in intensity between thikely that large angular excursions can be involved unless
bands of a factor of 2. We cannot rule out the possibility thatthe B-state potential is very unstable in the linear geometry.
the Ar—l, is excited onto the repulsive wall of the Ar~l Our observation that high rotational levels gfire not popu-
potential, above the Ar-ldissociation limit on the inner lated in the photofragment llends experimental evidence
turning point, where the energy levels are in the continuumthat such angular excursions play little, if any, role in the
(2) The vibrational excitations of ,,,;=16—26 correspond photodissociation dynamics. Our work on the linear Ar-I
tor,(I-1)=3.19 A to 3.35 A(which can be contrasted with explored much below the, IB-state dissociation limit, has
re(1-1)=2.667 A for L(X)). The Ar—}, interaction potential shown a product vibrational state distribution which is quite
energy is likely a strong function of the I-I bond distance asa strong function of the excitation energy, which will serve
well as the Ar—I distance. This has been completely ignoreds a stringent test of the accuracy of the Arpbtential
in all quantum calculations on the potential surface, and consurfaces and dynamical calculations, particularly for the
sequently in the dynamical calculations using those surfacefower excitation energies.
Of the above three potentials, only the pairwise potential of  The observation of,1B— X fluorescence following ex-
Eqg. (14) has some dependence on the I-I bond distance—theitation of the spectrally isolated Ary-Isomers takes place
Ar—I, bond energy is about the same, but the Areduilib- by an initial optical excitation; the excitation is followed by
rium bond length somewnhat longéoy 0.18 A) for longer the Ar—l, undergoing direct photodissociation, vibrational
-1 bond lengths. However, we might surmise that it ispredissociation, or electronic quenching. The linear
somewhat more likely that the Ar-bonding is weaker for Ar—I,(B) is believed to undergo fagt50 f9, adiabatic ejec-
smaller I-I distanceflower v, as evidenced by the fact tion of the Ar and suffers no quenching of tBestate; vibra-
that a dissociative potential more closely mimics the smaltional predissociation is also not competitive on this time
recoil translational energies for lower,,n,, and a bound- scale.
state potential more closely mimics the larger recoil energies The dynamics of the T-shaped isomer are extremely
seen for highew p;mp. complicated; an abbreviated schematic of the processes in-
Theoretical investigations of Ar—I|photodissociation volved is shown in Fig. 9. The quenching process is broadly
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If,};) At 1B soft mode state¥. A rough picture of the soft mode states is
_______ : WVP L pquenching o known. The T-shaped isomer h&s, symmetry. The mol-
) Voump R ::j‘“‘“_; """ > ecule has three vibrational modes, consisting of the stretch-
\‘\\;‘”‘”‘: “““ ing of the I-I bond, which is perpendicular to ti@ axis
\‘;“"“’"_‘5 """ ! dissociation and ofa; symmetry; the symmetric stretch of the Ap-I
e - § ~Eqans(l + 1) which is parallel to theC, axis and ofa; symmetry; and the
hv; —e angle bending of the Ar-Ibond, which is perpendicular to
\ the C, axis and ofb; symmetry. The weak Ar-lstretching
frequency is approximately twice the angle bending fre-
N J YA+ quency. Two frequencies 30 and 24 tmhave been
o cemmemnnd Ar+l(X) YYY observed their specific assignment t2gyecn @aNd 2vpeng IS
S uncertain. We may speculate upon which of the two soft

mode motions are effective for electronic quenching and
FIG. 9. Energy level diagram showing the dynamical processes fowhich for the vibrational predissociation. The inner wall of
R o porot oo o ool o o ey 28" Iy potentalcurve s los to the inner wal of e
process. ’Note that thepstate of YHrZ(B) for%’:vpumpfz Yis 100% B”?’Po*u State'. The symmetry of thB 3Ho+.“ anq the
quenched to th&” state. The excited T-shaped Ag(B) state prepared at B 111y States is such that a perpendicular orientation of the
Vpump May also undergo vibrational energy transfer to states with the I-Iperturber(Ar), as occurs in the T-shaped geometry, is re-
vibrational quantunv<v,m,, by means of intramolecular vibrational re- quired to effect the Ar-induced transition from the fluoresc-
Iaxa_ltiqn into Ar—}, stretch or bending vibrations, prior to vibrational predis- ing BaHO*u to the repulsiveB” 11—[1“. This occurs at the
sociation(see text . . . .

inner turning point of b and is favored by a short AryI

distance. Thus the electronic quenching should be selected
understood in terms of the interaction BfII,.,, with the by the soft modes involving tha, Ar—I, stretching motion
repulsiveB” 1I1,,. The overall process of excitation of the and thea, I-I stretch. The vibrational relaxation proceeds
T-shaped isomer from the ground state to Bistate, with ~ through the anharmonic mixing of the I-I stretch with
subsequent dissociation either ifBestate h(v')+Arorinto  €ven quanta of the; bend. Since the bend and I-I stretch
the B” 11,, (which dissociates to fPs,) +I(2P4;,) +Ar)  are both perpendicular to the, axis, it would appear rea-
may be a complicated admixture of coupled electronic angonable to expect them to be coupled. The vibrational pre-
nuclear motions. As noted by Beswick and co-worKetise ~ dissociation likely depends upon cross terms in the interac-
B” 11,, is optically connected to the ground state, albeittion potential between the, Ivalence coordinate and the
with lower oscillator strength than tH&—X system. Since in  Ar—I coordinates. Probably these terms are quite anisotropic
I, the polarizations of th&8—X and B”—X transitions are and therefore can be favored by excitation of the bending
perpendicular to one another, the excitation spectrum ofnotion. The highest free,(B) vibrational level produced
Ar—I, to theB 31‘[0+u state is probably not mixed coherently will have the least translational energy. It will have the slow-
with the B” 11, . est rate of separation of the Ar from thg bnd therefore a

Assuming that the T-shaped Ar{B) has been pre- longer period of time for the Ar to quench thgB) which

pared, vibrational predissociation is observed to be on th&as just been created by vibrational predissociation. Thus,
same time scale, and therefore competitive with the quenchwe can create a plausibi@r consistent scenario for the
ing of the B state® These two processes are conventionallyobservation of near 100% quenching of the highest vibra-
treated asndependenthannels. We suggest the highest en-tional state of the nascent(B).
ergetically accessible vibrational level Bfstate } produced Perhaps even more than for the dynamics of the linear
in excitation of T-shaped Ar—J is nearly 100% quenched by Ar—I,, there is very little reason to accept the potentials used
the Ar. The vibrational predissociatigi'.P.) and quenching for calculations of the predissociation. For example, it has
are shown in Fig. 9. This hypothesis is necessary to accoufteen pointed out by Kunzt al!® that the diatomics-in-
for the discord between the T-shaped bond energies detemolecules potential for th&X state of Ar—} does not even
mined from the onset of the vibrational fluorescericé  show the existence of the two potential minima. The ad-
Levy and co-workers®) as compared to that estimated in this equacy of the diatomics-in-molecules potential for tBe
work by comparison to the linear bond energy. This impliesstate therefore cannot be regarded as seriously established. In
that only states in which the -1 bond stretching vibrationalthe event that the dynamics are highly coupled to the vibra-
energy has been reduced by at least one quantum can thienal modes, it is interesting to point out that no calculations
vibrational predissociation to,(B)(v') +Ar be competitive  of the Ar—l, potential surface have been done in which the

with electronic quenching. This further implies that the vi- I-1 bond is allowed to vary. We are aware of only one case,
brational predissociation and electronic quenching channelthe early calculation by Browet al? on He—b, in which
cannot be treated as independent channels. the 1-1 bond distance was varied.

Since the vibrational predissociation of T-shaped Finally, the role of weak interactions in altering photo-
Ar—I,(B) is slow, on the time scale of 70 470 |, vibora-  dynamics is far from obvious. In the broadest view, two dia-
tions) it has been argued that an intermolecular vibrationaimetrically opposite behaviors may be reasonably predicted.
redistribution picture is applicable, in which energy leaks outThe first states that since the interaction is weak, there can be
of the hard } valence oscillation sequentially into the set of little coupling to the photoexcited chromophore and there-
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fore little effect on the dynamics. The second possibility isB« X excitation of the complexes. The coexistence of both
that all processes essentially proceed through an energyhe linear and the T-shaped isomers of Arahder identical
sharing complex, in which the weakest bond breaks firstconditions is now conclusively established.
thereby producing a substantial change in the dynamical Each isomer of Ar—lis distinctive both in the excitation
path. It appears that Arffollows both extremes. The pre- spectrum and the resultantfluorescence. The T-shaped iso-
dissociation time for the T-shaped Ap{B) is ~10 °s, mer has well-resolved excitation transitions, and théulo-
which is three orders of magnitude longer that the dissociarescence is sharply peaked at the next highest vibrational
tion time of L(B). The T-shaped isomer, if excited above the level accessible within the energetic constraints of the Ar—I
B-state dissociation limit, therefore proceeds along jte#s-  bond dissociation. Our experimental results for the T-shaped
sociation pathway, with little effect from the Ar atom, i.e., fluorescence are in excellent agreement with earlier work of
T-shaped Ar—j(B) follows the first choice of little effect Levy and co-worker$:* The linear isomer has a continuum
from the weak interaction. The linear isomer exhibits weakexcitation, and the vibrational populations of the resulting
potential coupling; it has essentially the same bond energy &gee |, are affected by the loss of the Ar. For the highest
the T-shaped isomer. In this case, the kinetic coupling isjibrational excitation {p,m,=26), the } transfers an aver-
maximal, leading to the second type of dynamical behaviokage of about 22% of the Vibrational excitation into kinetic
in which the Ar so dramatically influences the path that theenergy of the Af-l,. The product J(B) vibrational state
I(B) does not fragment intol. The one atom produces a distribution is similar to those observed by Valentini and
complete cage. The difference in isomeric behavior is esser¢ross’ and by Philippozet al® for excitations above the, |
tially geometric, since the coupling is kinetic. It would ap- B-state dissociation limit. Our data clearly show that the lin-
pear that this is likely to be general since the potential couear isomer of Ar—J is responsible for the “one-atom cage
pling is by definition weak. effect.” For lower vibrational excitations V= 16,18),

We point out that the long-standing puzzle of the originthe I, transfers much less of the vibrational energy into ki-
of the one-atom cage effect in Ar-is in large measure a netic energy of the Atl.,.
consequence of extreme difficulties in predicting the nuclear  Our classical modeling of the Aryldynamics of the
dynamics of excited electronic states of polyatomic mol-jinear system shows that the linear As(B) lives a fraction
ecules. It is indeed the nuclear dynamics of the T-shdped of an I, vibrational period, with most of the momentum
state isomer which, in our opinion, presents the greatest thgransfer occurring by the time the has reached the outer
oretical challenge; the complete dynamics of excitation andyrning point of the vibration. The lifetime of linear
dissociation appears to be an extremely difficult problem in-ar_|(B) of less than 0.15 ps can be contrasted to the 70 ps
volving curve hopping as well as vibrational predissociation.predissociation lifetime?® of T-shaped Ar—i(B).

We return briefly to the question of isomeric forms for The origin of the continuum absorption of linear Agid
the Ne—}, Kr—I, and Xe-} complexes, for which we did ot completely determined by this study. We interpret the
not conduct experiments. Fluorescence from the continuumata, and our classical dynamics calculations, to suggest that
excitation has been observed by Bt?rigethe corresponding 5| excitation lines are lifetime broadened so that the result-
B« X region of Kr—b. Philippozet al.” observed the fluo-  ing hand appears as a continuum. The continuum structure
rescence from the high energy excitation of Ne-Hr—l,  may be due to a large bond length increase in AB) from
and Xe—}. We attribute this fluorescence to the linear iso-iat in Ar—L,(X), so that the Franck—Condon allowed tran-
mers of Ne—J, Kr—I5 and Xe-}. The fluorescence data jtions are to the repulsive wall at the inner turning point of
show an increase in energy transfer with increasing mass Qfie potential curve, above the ApLB) dissociation limit.
the rare gas binding partner. The observed changes, however, Thg ganalysis of the excitation and fluorescent photon en-
are spmewhat less th.an predicted from the gxtremely simpl@rgy puts tight limits on the Ar—(X) bond energy; we find
classwgl ball-and-spring model of EC{Ll), which deper}ds this limit to be 170(1.5)cm<D! (linear Ar—h(X))
essentially only upon mass and ignores the variation of. 174(1.5) cm’. Relative populations of the linear and
Rg-b interaction potential. We made no attempt to mOdeIT-shaped Ar— in the jet lead us to conclude that
the other Rg—J dynamics with classical models similar to D}(T-shaped Ar—{(X)) =142+ 15cm L. This can be con-

Eqs.(&Z)—(14).l ith Kk q h trasted to the T-shaped bond energy found by Levy and co-
The complexes with krypton and xenon show no Struc'workers, 234cmi<Dj=<240cml. We conclude that in

tured fluorescence excitation spectrum from a T-shaped isof-shaped Ar—J(B) fluorescence quenching is most likely an

Mmer. .The lack of ob_servanoq pf T-shaped Isomers of thqntegral part of the dynamics producing vibrational predisso-
heavier rare gases with ¢an originate from several different fiation. Our hypothesis to explain the apparent discord in

ehffe?:tsB, tTe ”;Sf\t “Eelysf these |sdthe eIecﬁrqmc ?uencmrr:g Olsomerization energy of Ar(X) is a strong channel com-
the |, B state:” As has been noted In a collisional quenching petition in the T-shaped Ar-(B), in which the highest vi-

sj[udy of b(B), heavier rare gases are more effective COIII'brational level of §(B) that could energetically be produced
sional quenchers. from the photodissociation must be essentially 100%
quenched by the Ar.

We would greatly enjoy theoretical support for this in-
We have used the dispersed intracavity laser induceterpretation. This dramatic, new interpretation of the well-
fluorescence technique to obtain théR) vibrational prod-  established fluorescence data raises the concern for systems

uct state distribution of linear and T-shaped Arfdllowing  where the fluorescence yield is less than unity that reliable

V. CONCLUSIONS
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thermodynamic and dynamical information may not be as’e. Miyoshi, J. Make, T. Noro, and K. Tanaka, J. Mol. Struct.:
directly evident from the fluorescence spectra as has beenTHEOCHEM461 547(1999.

previously assumed.
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