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Sequential two photon studies of Xe;Glomplexes in liquid Ar are reported. The first photon
prepares the excited state complex Xe(&I,,), which radiatively relaxes with a lifetime of 61

us (22+2 us for the uncomplexed GFII,)). A second photon accesses either the molecular ion
pair state, Xe:CICI~, or the contact charge transfer transition, X, . The latter dissociates to
Xe*CI™+Cl even though the product is formed at threshold. The former undergoes charge
rearrangement and decays radiatively via'é (ZEU)HXGCE(J'EQ). Analysis of the excitation

and emission spectra of the key intermediate in laser induced harpoon reactiéd; Xeads to

the conclusions that the complex is linear in both ionic and neutral states, and allows a direct
contrast between dissociation dynamics on ionic versus neutral surface499® American
Institute of Physicg.S0021-96066)02134-4

I. INTRODUCTION XX+ Xe—[Xe X, ]-Xet X +X. (3b)

Laser induced harpoon reactions, the most common ofhe reactivity of the ion-pair state in E(Bb) is guaranteed
which are those between rare gas atdRg and molecular where the ionization potential of Rg is less than that of the
halogens(X,) or halogen containing polyatomic molecules halogen: Rg=Xe, X=F, Cl; and will generally hold in ver-
(RX), have been extensively studied in the gas pHaS® tically prepared ion-pair states due to their excessive vibra-
clusters produced in molecular beaf$; in the solid tional energy content, as has been rigorously shown for |

state;**°and in the liquid phas&'**"~'*This class of pho-  Br,, and ICI?* The ultrafast experiments on gas phase

tochemical reactions is useful in studies of fundamenta)ke+1,, belong to this clas®

chemical dynamics, and in particular, bimolecular chemistry,  Another distinct entrance channel to laser induced har-
in condensed media. Specializing to the case of moleculgsooning is via photoinduced intermolecular charge transfer,
halogens, the process can be generically summarized as j.e., excitation of the contact charge transfer transition, which

Rg+X,+hv—[Rg+X;1—Rg X~ +X. 1) may be explicitly expressed by the sequence:

The salient features, and the wealth of processes that can be RtX2=[RgX], (4a)

interrogated via this reaction, can be recognized by noting - Ty
the variety of entrance channels that lead to the key interme- [RgXe]+(nhv—[Rg"X, | =Rg™ +X"+X, (4b)
diate, the RgX, charge transfer complex. _ where[RgX,] is strictly a collision pair. This description is
The most direct analogy with the classic harpooncontained in Eq(1), with the implied emphasis that the pro-
reaction2,° the prototype of which is the reaction of an alkali cess is am +two_body Scattering event, wheneis the num-
atom with a molecular halogén,is realized by initial3 exci-  ber of photons involved. Distinguishing this cooperative pro-
tation of the rare gas atom to a Rydberg state}.®g°Due  cess from those of Egs(2) and (3), is a nontrivial
to its reduced ionization potential, Rgan be regarded as a experimental task. The situation is particularly complicated
pseudoalkali: in the case of two-photon excitation due to interference from
Rg+ (n)hv— Rg*, (2a) yet another channel,_ ngmezl7y that of photodissociation fol-
lowed by photoassociaticfi:
Rg* +X,—[Rg" X, ]—=Rg" X~ +X. 2b
g" +Xo—[Rg"X;]1—Rg (2b) Xy s XX, 59
Thus, in an otherwise unreactive solution of/Rg, one- or
multiphoton resonant excitation of the rare gas creates the X+Rg+hv—Rg"X", (5b)
reactive pseudo alkah_, and affords the stgg_mg_of the blmoin which the photoassociation process of E&) again rep-
lecular harpoon reaction. An important distinction between o . . i g,
resents excitation of an interatomic transition, a transition of

the gas and condensed phases in this case is the excnortlhce [RgX] collision complex.

nature of the initial state prepared when Rg constitutes the In ultrafast measurements with 100 fs time resolution,

solvent, or the host™® and by a proper choice of wavelength, it was possible to
Initial excitation of the molecular halogen to an ion-pair y a prop gin, P

. ingl he pr f E for an unequivocal dem-
state provides an alternate entrance channel to the same dg/-g © QUt the process o _(14b) or an unequ 0(1:3 dg
. ! : ) nstration of this channel in solutions of MIXe.” This
namics especially in the case of R)e:

observation has been more recently verified by time resolved
Xo+(Mhv—X*X", (39 measurements in clusters containing, @hd Xel® In the
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latter two color experiments, with a probe wavelength of 308phase data with those in the gas phase allows the consider-
nm, a delayed transient signal due to the sequential procession of effects of solvation on structure and reactivity of this
of Eq. (5) could also be seen. The interesting aspect of thigelatively simple model system.
observation is the fact that it is transient, otherwise this isthe The experimental paradigm and design has been com-
standard method for probing photodissociation of halogerpletely discussed previously,we repeat it here succinctly.
containing molecules in the gas and condensed media, ard solutions of C}/LAr, we first excite C} to its dissociative
has even been applied as an analytical tool for detection offl, surface®! Due to the strong cage effect, the molecule is
Cl atoms?® reformed populating the bound electronic surfaces-A,
Finally, it should be noted that in the case of sequentiaand A’—that correlate with GFPs,)+CI(2P5,).32 This is
excitation, either due to rapid recombination, as in con-verified by a second laser tuned to promote A1’ popu-
densed media, or by choosing a bound upper state(3ay. lation to the molecular ion-pair states the energetics of which
may lead to preparation of an electronically excited state ofire well established from studies in solid &r* While
the molecular halogen,>X. The full set of entrance channels strongly solvated, the ionic states fluoresce without further
listed above can now be repeated with the electronically exehemistry. This serves as the background to interpret experi-

cited halogen as reagent: ments in ternary GIXe/LAr solutions. Xe:C} complexes
can now be probed directly: excitation of the intermolecular
Xo+hv—X5 (6a) charge transfer state Xétl[(ZHg), leads to emission from
solvated XéCI~ and Xg Cl~ exciplexes:® while excitation
X% +Rg+hv—[Rg" X, [-Rg"™X " +X, (6b)  to the molecular ion-pair state leads to emission from the

Xe'Cl, (%2,). As we argue, the latter emission had previ-
in which Eq.(6b) should be interpreted as the equivalent ofously been observed but misassigned.
Eq. (1), with its variations Eqs(2) through(5).

The applications of the above listed reactions to condl. EXPERIMENT

densed phase chemical dynamics is perhaps obvious. The
sudden creation of the pseudo-alkali in E8) enables the
time resolved study of bimolecular reactions. The sudde
entrance into the charge transfer complex, via @yor Eq.
(4), enables the study of solvation and dissociation dynamic
on ionic surfaces, and time resolved studies of subseque
bimolecular reaction¥’ The sequential excitation scheme in
Eqg. (5) enables the investigation of photodissociation dy-

namics on the X surface, if dissociative, or vibronic dynam- ; o

o I ’ 1417 N sample preparation. The C(Matheson was purified by
ics via Eq.(6), if X3 is bound or_cage&’: Obviously, t_he pumping on it in a liquid nitrogen trap. Xe of 99.999% purity
source of the wealth of laser induced harpoon reactions i pectra Gasesand Ar of 99.999% purityMathesoh were
alsg the source of complication. More gfte_n than not, theused without further purification. The majority of data was
variety of listed entrance channels coexist in the same Sysa'cquired at 100 K in solutions of liquid argon, under its

tem, necessitating indirect interpretations. These Complicas'aturated vapor pressure. Experiments were carried out in

Zons ﬁrehrelaxed N the Srt]l_de of thev)\</.ei@brlinpp‘>lex |rc11.I|qU|d either binary, CJ/LAr, or ternary, Xe/C}/LAr, solutions, at
r, which we report in this paper. With gLAr studies as various concentrations of Xe and.Cl

background, two-color spectroscopy with ns lasers allows a Two lasers were utilized with beams counter propagat-

clear demonstration of some of the intermediates and mech?ﬁg in the cell. A XeCl laserLambda Physik EMG 101
nisms w_hic_h have pre_viously been posiulated or advancegperating at 308 nm, with a 20 ns pulse width and typical
through indirect modeling. Included among these &ikthe energies of 50-10QwJ, was used as the initial excitation
direct observation of the XeCl; intermediate in its various source. The second pljlse at 325 or 250 nm with 12 ns pulse
electronic states(b) a direct demonstration of the contrast width a.nd a typical energ;} of 30J per pulse, was obtained
between reactive dynamics on covalent versus ionic surfacc—;;% the doubled output of an excimer-pu'mped dye laser
in condensed medidg) relative energetics of solvated mo- (Lambda Physik EMG 201 MSC/FL 30R2Fluorescence
lecular ion-pair states and intermolecular charge transfef ..\ casured at 90° to excitation through a Jarrell Ash
state;, and their gssomated dynam(c&;observaﬂon of the monochromatofmodel 82-419 using a photomultiplier tube
predicted dramatic lowering of intermolecular charge trans'(Hamamatsu 666 Data was collected with a digitizing os-
fer resonances from excited JVA') versus GJ(X) states cilloscope(Tektronix 2430, controlled via a personal com-

;:_ontroflltehd by vte rt;c; ! Iellectronl affl_n 't'.(flg; (e)_ charalctetrlza_- puter(AST 286. Spectra were recorded with an optical mul-
ion of the neutral Xe:CGlcomplex in its various electronic ichannel analyzefEG&G OMA3).

states. The ground state of this complex has been studied in
molecular beam& and considered theoreticaff),as a van
der Waals complex which shows incipient bonding. Two-
photon induced harpoon reactions of the bare Xed®in- Emission spectra obtained by sequential excitation of a
plex have also been reportéd’ A comparison of the liquid solution of Xe/C}/LAr are shown in Fig. 1. The spectrum in

The experiments were carried out in a three window
cryocell attached to an all monel gas handling manifold. The
"Lell is constructed of Be:Cu and electroplated with rhodium.
Sapphire windows, sealed with indium gaskets, are used on
2l three sides. A closed-cycle He cryos(@rTl-22) is used

% cool the cell. Temperature is measured with a thermo-
couple, and regulated to within 0.1 K with a 25 W heater.
The cell and manifold were passivated with, @rior to

Ill. RESULTS
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served lifetime for these states that the ordering betwien
andC states is the same as in the gas pHasejs aboveC
f : : : —1
200 300 400 500 600 by ~70 cm™". _ _
' ' ' ' Excitation of the same solution with the sequence
<) 308 nmt+-250 nm leads to the spectrum in FigbL Three
z | ArCI*Cl'>ArCl, broadbands peaking at 360, 470, and 550 nm, with identical
g lifetimes of 52+4 ns, are now observed. These broadbands
?é A are somewhat distorted, and there is evidence that the spec-
= trum of Fig. Xc) also contributes to this spectrum.
g | In binary solutions of GILAr, the 308 nm+325 nm
ié excitation sequence does not lead to an observable emission,
[ while 308 nmt+250 nm excitation leads to the single emis-
. sion band at 360 nm shown in FigcL The measured life-
200 300 400 500 600 time of this emission is 484 ns. Clearly, the 470 and 550

Wavelength (nm) nm bands observed in Fig(ld) are associated with Xe while
the 360 nm band observed in Figclis not.
FIG. 1. Fluorescence spectt@ ternary solution of GIXe/LAr excited by A discrete excitation spectrum, by monitoring fluores-
308 nm+325 nm sequenceb) ternary solution of G¥Xe/LAr excited by ~ cence at 355 nm which is common to all spectra, was ob-
308 nm+250 nm sequencer) binary solution of CJ/LAr excited by the  tained with the pump wavelength fixed at 308 nm while
308 nm#-250 nm sequence. scanning the probe wavelength. This is shown in Fig. 2. Two
excitation channels can be identified. The strong absorption
at wavelengths below 255 nm, leads to the emission ob-
served in Fig. b); while the weaker absorption centered at
Fig. 1(a) is obtained by sequential excitation: 308 nm fol- 325 nm yields the emission spectrum in Figa)l
lowed by 325 nm excitation. The spectrum consists of the The lifetime of the intermediate state involved in the
solvated XeCIB—X) and XeCIC—A) transitions at 355 sequential excitation scheme is obtained by monitoring the
nm and 395 nm, respectively; and the broag®Xeemission  LIF intensity as a function of delay between pump and probe
near 550 nnt® The XeCIB and C states are in collisional lasers. In all cases the LIF rise time is laser limited—faster
equilibrium, and relax with an average radiative lifetime ofthan 108 s—however, the decay is measurable. The delay
38=3 ns, while the triatomic exciplex relaxes with its radia- dependence for 308 n250 nm excitation, while monitor-
tive lifetime of 200 ns. These transitions and lifetimes haveing the 360 nm emission, is shown in Fig. 3. The observed
been well established previously, both in ligtidind solid  decay is exponential with a lifetime of 22 us. The delay
Ar.}2 They are redshifted from their gas phase values bylependence for the 308 825 nm excitation, while moni-
~0.5 eV, due to solvation of the ionic upper states in thetoring emission at 355 nm, is also shown in Fig. 3. The decay
dielectric of the medium. The dielectric of the medium alsoin this case has a lifetime of ¥l us. These decay times
effects a shortening of radiative lifetimes, such thatwere established to be independent of both Xe and:Gh-
71/Tg~0.6.35 Taking this effect into account, using the gas centrations, for concentrations ranging from 50 to 1000 ppm
phase radiative lifetimes fdB— X and C— A transitions of in each. The independence of decay times on the@icen-
13 and 130 ns, respectively, we may conclude from the obtration is illustrated in the inset to Fig. 3.
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30 situation is quite similar to that of Biin Liquid Xe, which
has previously been studied by the same method as in the
ol ° present’ It is also well established that the radiative life-
; times of these forbidden transitions are shortened in the se-
ries Ar, Kr, Xe3® The observation of a 22s lifetime for the
5 A/A' states while monitoring the 360 nm emission, which
o b . . does not involve Xe, and a lifetime of 1&s while monitor-
I ing the XeCl emissions, is consistent with the expectation
that Xe enhances the radiative couplingfofio X. The ra-
tionale, however, leads to the conclusion that Xe remains
complexed to GIA/A’), and does not exchange with Ar for
the duration of the excited state lifetime. This in turn would
imply that there is a significant barrier to the exchange reac-
tion, or equivalently, to the unimolecular dissociation of the
complex. Even if the solvent structure were taken into ac-
count, the stability of this excited state complex cannot be
rationalized based on van der Waals binding alone. Had that
0 20 4Dol 60 80 100 been the case, then the complex would dissociate on the time
elay (us) scale of the elementary step of diffusion,10 ' s. The
FIG. 3. Lifetime of CL(A/A’) measured as a function of delay between Observ.ed. lower limit for this process of 10s |m.pI|es a
pump and probe lasers. The,@VA’) is prepared in GIXe/LAr by disso-  lOWer limit of ~0.25 eV for the free energy barrier to ex-
ciative pumping at 308 nm, and probed via laser induced fluorescence frorﬁhange between Xe and solvent Ar.
the ion pair state accessed at 250 nm and monitored at 360 nr{ATA& We are forced to conclude incipient chemical bonding
state in the Xe:Glcomplex is prepared by 308 nm excitation, and probed etween Xe and GIA/A’), as suggested previously for the
via laser induced fluorescence from the intermolecular charge transfer stat% ! 29%9 P " y_
accessed at 325 nm and monitored at 355 nm. ground state c;omplex Xg.g;X). =“Further stapll|zat|on of
the complex in the excited @A/A’) state, which has an
electron configuratiomréwﬁwgoﬁ, must be attributed to par-
IV. DISCUSSION tial charge transfgr from _the polarizable Xe to the hqlg in the
) _ my molecular orbital. This can be regarded as a mixing be-
A. The intermediate state tween covalent and ionic states, an effect that will be en-

Based on the delay dependence of the signals, it is cledtanced upon solvation due to lowering of the ionic poten-
that in these sequential two-photon excitations, an intermetials. In the absence of a quantitative analysis, this
diate state with a lifetime of-10"° s is being formed. As- consideration alone does not suggest an obvious structure for
signment of this state to GA/A’) is straightforward. At 308 the complex. However, given the stability of the complex,
nm, the absorption in Glis to the repulsivéll, state. How- We may limit our consideration to the linear and T-shaped
ever, this excitation does not lead to permanent dissociatiopossibilities.
of the molecule in liquid Ar. Had such a channel existed, we
would expect, at the experimental concentrations, a diffusio
controlled risetime of-10"’ s for the formation of XeCIX),
which would serve as the intermediate state in accessing The two resonances observed in the excitation spectrum
Xe"CIl™ with UV excitation [as in Eq.(5)]. This, for ex- of Fig. 2 can be interpreted based on energetics alone. The
ample, is the case for ,Fdissociation in BKXe/LAr 250 nm excitation, which is present in the binary,/CAr
solutions®’ Evidently, as in the case of solid Af;*2at this  solutions, can uniquely be assigned to access of the lower
excitation energy, the cage effect is complete foy iGllig- tier of CI"(P,)CI"(*S) ion-pair states, via theD’—A’
uid Ar. Geminate recombination, in addition to formation of transition®® Using the known potential parameters for the
Cly(X), leads to population trapping in t#&A’ states. The free molecule, the observed vertical transition at 250 nm im-
latter are the only bound electronically excited states thaplies electronic solvation of the ©CI~(D’) state by 0.5 eV
correlate with QPP,,) +CI(*Pg),). (see Fig. 4 This is consistent with what is observed for the

The observed variation of the L/A/A’) relaxation time  equivalent transitions oflin solid Ar,*® and characteristic of
in the different solutions is noteworthy. We expect the nestedolvation of a dipole of a full charge separation at a distance
A(®II,,) andA’(31,,) states to be in collisional equilibrium of ~3 A, as in the cases of X€l~ and X& Cl~ already
in the 100 K liquid. The strongly forbiddeA’ — X emission  encountered above.
in solid Ar has a radiative lifetime of 73 nié,while the The 325 nm excitation occurs significantly below the
A— X emission can be expected to be several orders of madirst molecular ionic transition, yet it leads to formation of
nitude shortef® The observed lifetimes of-10°° s, which  xenon chloride exciplexes, it must therefore, be assigned to
do not show dependence on Xe op €bncentration, are then the contact charge transfer transition: %@, —XeCL(IL,).
dominated byA— X radiation (which must be enhanced in We will consider the energetics of this transition, and the
the liquid phase by intensity borrowing fro— X). The charge configurations that are implied, in terms of diatomic

T(us)

0 210'® 4 10'® 6 10'® 8 10'® 1 10'°
ICL,] ec’)

Xe:Cl, (A/A")/LAr
Cl,(A/A)/LAr

Intensity (arb. units)

%. Excitation resonances

J. Chem. Phys., Vol. 105, No. 10, 8 September 1996

Downloaded—-12-Feb-2004-t0-128.200.47.19.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



M. H. Hill and V. A. Apkarian: Cl,:Xe complexes in liquid Ar 4027

1 3
T 7 Xe('S) CL¢M )
|“ \\\\ e 31T . ) 0 2 u
| “ N g A\ ng
4 | \ A
! T
| \\ Xe*:CL, CT1 ) l .
—— - f — . . u
S 2 i - Xe"CL'CE )
) v 2"
Q \lvl - AJACIT) -
0- | ‘ . [l — u
g LA
. \ ’y IXCES ER A A
\ 8
-2 ; /< L %@ V i ng
VN | | P A a a
N \ "2 @ P
N = Y Y \/ (D i

] ,Clz'(zf.u*) r D .
- T T T u
Y
1 2 3 4 5 6 g A

R(A)

FIG. 4. A partial energy level diagram of the relevant solvated electronic
states along the CI-CI coordinate. The dashed curves are for the unper- @%9% o
turbed gas phase potentials. The ion-pair state is electronically solvated by &
0.5 eV, as verified from the D'« A’) resonance at 255 nm, which is

indicated by the up-arrow. The excitation resonance for the intermolecula

" , - FIG. 5. The possible intermolecular charge transfer transitions in the
charge transfer transition, Xe:ﬁHg)HXe:CIZ(A ) at 325 nm is indicated

XeClL(3MI,) complex are indicated. The solid arrow corresponds to the ob-

by the shorter up-arrow. The upper state is located according 7EQf oy eq excitation transition, while the allowed dashed arrow corresponds to
the text. The fluorescence of the charge transfer complex,the unobservable transition

Xe*Cly (%,)—XeCl(*%,) which occurs at 470 nm, is indicated by the
double arrow pointing down. The figure also enables the identification of the
vertical electron affinities of Glwhich depend on the choice of initial and

final states. hyv=IP[Xe]—EA’[ Cl,(A/A")]— €/t .— AE,, @

in which I Xe} is the ionization potential of Xe12.13 eV,

EA® is the vertical electron affinity of the electronically ex-
fragments in the triatomic complex, in the spirit of cited Cl, which depends on the choice of states, the third
diatomics-in-ionic-system®¥. Consideration of the molecular term is the Coulombic stabilization of the charge transfer
orbital diagram of C] in Fig. 5, makes it clear that two state at the contact distancg between Xe and G| and
contact charge transfer transitions are possible: electroAE,~0.5 eV, represents the differential solvation of the
transfer from Xe, to either they or thes, molecular orbital, ionic and neutral states in liquid Ar. Thus the first three
to prepare either G(°3,) or Cl; (21'[g), respectively’? With  terms in Eq.(7) are appropriate for the gas phase intermo-
the aid of Fig. 4, it can be verified that in a vertical electronlecular charge transfer at contact, and the effect of the dielec-
transfer, the first transition creates the @lagment near the tric is entirely accounted by the last term. Using the CI
minimum of its bound ground state; while the second transipotentials of Chen and Wentworth,the vertical electron
tion prepares the molecular ion on its dissociative curveaffinities as measured from the minimum of,@') are 2.7
Only the latter is consistent with the experiment. This can beand 4.5 eV, for transitions terminating on Q@Hg) and
established with the data contained in the experiment. Thugl; (°3,), respectively. If we assume=3.2 A, i.e., that of
taking the binding energy of gIA’) of 0.31 eV into account, the Xe—Cl pair minimund? then 325 nm implies a vertical
325 nm promotes the system to 3.5 eV above the &bt Cl electron affinity of 3.3 eV. This value cannot be reconciled
asymptote. The vibrationally equilibrated product with a transition terminating on §(23,,), but would be con-
Xe*CI~(B) emits a 3.5 eV photo355 nm in its radiative  sistent with a transition to (;(zr[g) if the CI-Cl bond length
dissociation to the same XeCl+Cl asymptote. The photon in the complex were stretched out to 2.9 A. Thus, with a
therefore does not contain the additional 1.48 eV whiclreasonable modification of bond lengths away from their
would be required to overcome the binding of, G,). The  separated pair values in the Xe;@/A’) complex, e.g., a
Xe"Cl™ is therefore prepared cold, near thermodynamicCl—Cl bond length of 2.8 A and a Xe—ClI bond length of 3.1
threshold, on a surface consistent only Withz’éHg) in A, the observed transition can be unambiguously established
which the CI-CI coordinate is unbound. as terminating on CZ‘I(ZHQ). The extracted structure will cer-

The consistency of the above conclusion can be furthetainly have significant uncertainty due to the estimate of sol-
tested. The vertical charge transfer transition energy of thgation and uncertainty in the negative ion potentials. What is
complex, can be estimated*3s certain, however, is the assignment of the transition, and the
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trend that the Gl bond length is somewhat longer in the repulsive energy on the neutral surface, places this closer to
complex, and that the Xe is more tightly bound than what2.95 A. The more robust conclusion is the fragment correla-
would be expected based on van der Waals parameters. Thiens associated with the 470 nm transition: namely
latter conclusion was also reached on the basis of the Iifetimé:l;(zEJ)HCIZ(lEg) and Xe ClI"—XeCI(X). The broad
of the complex. emission at 550 nm from the same upper state can therefore
In summary, based on energetic grounds alone, we cape ascribed to termination on the Xe8)( surface. Indeed,
conclude that the vertical excitation at 325 nm prepares thboth the separation between these emissions and their widths
charge transfer state of the complex on a surface that directlparallel those of XeCB— X and C— A transitions.
correlates with the two fragment electronic states:  The above revision of the 470 nm emission, also applies
Xe*(?P)+Cl; (*Ily) and Xe& Cl™(*S1) +CI(*P3). in its entirety to an assignment made in ternary solids of
Cl,/Xe/Ne, in which in addition to observing all of the xenon
_ o chloride exciplexes, a band at 430 n{2.89 eV} was as-
C. Assignment of emission spectra signed to(XeNe)"CI~.*¢ That inconsistency, namely the co-

The photodynamics Subsequent to 3084280 nm ex- existence of XéCI_ and a distinC(XeNe)+CI_ in a Ne host
citation in the binary solutions of GLAr are nearly identi- can be eliminated in kind, by reassigning the emission to
cal to what is observed in solid A%3* The 250 nm photon Xe'Cl; in Ne. The difference in emission peaks of 0.24 eV
prepares the CICI™ ion-pair state, which is shifted by0.5  between Ne and Ar, agrees with the expected difference sol-
eV relative to its gas phase energy due to electronic So|vatioMatiOn of the ionic state. The issue of which mixed triatomic
in the dielectric of the medium. The kno&frstrong binding  exciplexes(RgRd) "X ™, can be formed in a given rare gas
in ArCI* leads to complexation of the ion-pair state with the host has been considered previouSirhe only definite as-
solvent, which is reflected by the dramatic Stokes shift ofSignments are for those where Rg and’ Rge from neigh-
~1.5 eV observed between excitati(@50 nm) and emission  boring rows. The only outliers to this rui&eAr)"Cl~ and
(360 nm). Note, that in this case, the larger ionization poten-(XeNe) "CI™ are reassigned here. A simple generalization
tial of Ar implies that the AFCl, states are significantly can be made. Only for systems where the binding energy of
above those of ArCICI™. (RgRd)™ is larger than the dipole induced dipole interaction

The photodynamics due to the 308 #®50 nm excita-  Of Rg"X™ and Rdg will there be a definite mixed triatomic
tion sequence of the Xe;gbommexes in ||qu|d Ar, differs complex formed. This conclusion holds for all the known
from the case of GILAr, by the fact that the intermolecular Mixed triatomic exciplexes, as can be verified by the data
charge transfer states are now lower in energy than the méollected in Table IIl of Ref. 47.
lecular ion-pair state. It was experimentally established that
the 470 and 550 nm emissions are due to charge transf%r
states containing Xe, and given the fact that they relax with™
the same rate, they are likely to originate from the same The observed excitation resonance in the complex was
upper state. In the absence of lifetime measurements, speestablished above to correlate with the, GHg)<—C|2(3HU)
troscopically, it would be difficult to distinguish the 550 nm transition and not with GI(>%,)—CL(II,). These transi-
emission from that of the XgCl~ emission, and could have tions are illustrated respectively by the solid and dashed ar-
been overlooked in prior studies. However, the 470 nm bandows in Fig. 5. The observed emission correlates with
had previously been observed by multiphoton excitation ofCIz’(ZEU)—>CI2(129), the reverse of the solid arrow in Fig. 5,
ternary solutions at 308 nm, and had been assigned to thait now 7, is doubly occupied. The observed transitions
mixed triatomic exciplexXeAr)*CI~.2 The absence of the show an appareni<g and AA=0 propensity, dictated by
470 nm band in the spectrum of Figa}, which contains the the Cl, moiety. These are not strict selection rules. For any
spectra of X&CI~ in liquid Ar, makes that assignment un- symmetry of the triatomic Xe—Gtomplex, be it linearC,,,
acceptable. The 250 nm excitation in this case prepares th@ C, there cannot be found strict symmetry arguments to
ion-pair state of Gl with a Xe as nearest neighbor, preserve such a selection on the diatomic fragment. The ef-
Xe:CI'CI™. Charge rearrangement in this case should lead tfective observed transitions must therefore, be controlled by
the lowest of ionic surfaces, to XQIQ(ZEJ), which would  the overlap between electron and hole wave functions in-
then relax radiatively, via the back charge transfervolved in the optical charge transfer transitions. As we argue
Xe*Cl, —XeCl,. The observed transition energy can be ra-below, this consideration leads to the conclusion that the
tionalized using Eq(7), but now using the adiabatic electron observed transitions are strictly those of the linear complex.
affinity of Cl, since the emission is from the relaxed state.  Continuing with our analysis of the complex from its
Assumingr.=3 A, consistent with the determination from diatomic fragments, we extend in this section the consider-
the excitation resonance, the ionic state can be located ations that are well established for the Rg—X fragment. The
1.83 eV above the XeCl+Cl asymptote. The observed Xe—Cl pair potentials have been well analyzed
emission at 2.64 e\470 nm implies that the emission must theoretically*® The interaction energy is minimized for the
terminate 0.8 eV below the dissociation limit of ,CIThis  approach, where the hole on the halogen atom points at the
establishes the terminal state of the transition g6>gl and  rare gas. This minimizes electron—electron repulsion, and
yields an estimate for the CI-CI bond length in the ionictherefore the distance of closest approach. Binding then re-
complex of 2.9 A. A more careful estimate, including Xe—Cl sults from the sum of dispersion forces and ionic admixture

Structure of the cluster
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must arise from the ground state of the ionic com-
a) plex, i.e., from X€Cl;(%%,). In the linear geometry,
emission can be accomplished via: X&[pZ,pJ,

¥ pICl, (23, [o2mimiol]) — Xe(*S)CL(3I, [o2mimiall),
* while in C,, the allowed CJ(o;,)—Xe(p,) transition would
have negligible overlap. Note, that based on the radiative
# lifetime of the upper state,”510 8 s, the observed transition
v is strongly allowed. Therefore the observed emission is con-
sistent with the linear geometry and not consistent with the T
geometry: XéCl, must also be linear.

We conclude, that the linear geometry, both in the neu-
tral and ionic states of the complex, is consistent with the
observed radiative transitions. This does not preclude the ex-
b) istence of dark T-shaped structures in the covalent state. In
fact the T-shaped complex of Xehas been observed in
? molecular beam experimerftironically, those experiments
cannot exclude the presence of the linear cluster.

,"—K x
N ?E %\5% E. Solvent assisted dissociation on the ionic surface
S

The photodynamics in the ternary solutions initiated by
the 308 nm-325 nm excitation sequence is rather intriguing.
After preparation of Xe:GIA/A’) with the 308 nm photon,
325 nm excitation induces the intermolecular charge transfer

) . . in the complex. The only emissions observed in this case are
FIG. 6. The relevant atomic orbitals for the intermolecular charge transfer

transitions in the XeG(°Il,) complex are shown ffa) the linear geometry, those of Xe CI™ and X€§C|7. Evidently, Xe+c'£(2Hg) pre-
(b) C,, symmetry. The dashed arrows represent allowed transitions witpared in liquid Ar, dissociates, and the neutral Cl atom is
poor electron-hole overlap. The nonallowed transitions, due to zero overlagprevented from back reaction with XEl™. Otherwise, cage
are marked with aix. induced recombination on the bound %@, (>3.) surface
would occur, and would be observed through its bright emis-
sion at 470 nm. The absence of this emission implies perma-
in the ground state. The intensity of RgX—R¢™ transitions  nent dissociation on the ionic surface.
is controlled by overlap between electron and hole wave This facile dissociation on the ionic surface is consistent
functions, whereby} -2 and II-II transitions are two or- with the linear geometry of the complex. For the charge
ders of magnitude larger thai-I1 transitions*® Now con-  transfer excitation in the linear geometry it is meaningful to
sider the complex with the aid of Fig. 6 in which the relevantconsider creation of an electron localized on the Cl atom
orbitals, the half filledo,(p,—p,) and my(p,—py) orbitals  closest to Xé—a closed shell Cl ion flanked by the open
of the Cl, fragment are shown. In either linear or T geom- shell Xe" and Cl. In such an arrangement the @ould be
etry, the distance of nearest approach is determined by th@oulombically bound to Xé and its nonbonded interaction
repulsion between the fillegl, orbital on Xe and the molecu- with Cl the other atom would be comparable to that between
lar orbitals on CJ(I1,). This prevents the Xel ) orbitals  CI™ and Ar. Upon the first stretch of the CI-Ctoordinate
from developing significant overlap with the molecular orbit- on its repulsive’-l‘[g surface, the XéCl~ +Cl product would
als, and a transition such as XgJ—Cl,(m;) shown with the  be formed prior to any energy loss. The latter consideration
dashed arrow in Fig. (@ will be weaker than the is crucial, since the excitation prepares the system near the
Xe(p,) —Cly(ay). The latter electron transfer leads to the threshold of this exit channel. In contrast, in g, geom-
observed correlation, it leads to gG;IZHg)<—CI2(3Hu). etry, the charge would initially be delocalized symmetrically
Moreover, in this geometry, the Xé°P)Cl,(%,  on both Clatoms. Only after stretching, and interacting with
&Xe(ls)CI2(3Hu) transition which is not observed in excita- the solvent, would the charge localize. However, in this case,
tion, cannot be affected by transfer of the XgY electronto  energy loss prior to charge localization would be unavoid-
the molecularr, orbital (see Fig. &. In the T geometry, only able, and a unit dissociation probability would not be pos-
the Xe(p,) has the proper symmetry to transfer an electrorsible.
to eithermy or o, molecular orbitals on Gl Overlap consid- The present experiment most directly illustrates the dra-
erationg see Fig. )] make it clear that in this geometry the matic contrast between dynamics on ionic and neutral sur-
transfer tomy, and therefore excitation of ¢?,), would  faces in condensed media: dissociation is complete on the
dominate. Thus, the observed and absent excitations are pdsnic surface with nearly zero excess energy in the initial
sible to rationalize in the linear geometry, but not@3,. preparation, caging is complete on the neutrgl €Lirfaces
The neutral complex )(éSO):CI2(3Hu) must be linear. Simi- when prepared with an excess energy-df.4 eV. This con-
lar considerations apply for the observed emission, whichrast persists in solids and liquids, has been recognized pre-
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viously, and has been discussed as the “negative” cagéor the sequential excitation. Note, in a coherent two-photon
effect!21315The energy gained by localization of charge onexcitation both time orderings must be included. In the linear
one of the Cl atoms, and the solvation energy by collapse ofeometry, CJ is promoted to itslI state, and prior to any
the cage on the nascent Xl dipole are the necessary motion, the Xe electron is transferred to the molecutgr
driving forces of dissociation. In effect, a solvent atom in- orbital. The repulsive energy along thez‘(Lzﬂ'[g) surface, is
serts between the X€l~ and Cl to complete the solvation now entirely converted to relative translation of &~ and
of the nascent dipole. The product formation is not con-Cl. The internal excitation X&Cl~ is entirely controlled by
trolled by repulsive energy release, as would occur in théhe Franck—Condon accessible region, it will be cold due to
case of the unsuccessful impulsive dissociation on the covahe similarity of the Xe—CI distances in the covalent and
lent CL(*11,,) dissociative surface; but rather, during the at-ionic states. We may expect the two-photon Franck—Condon
tractive energy release of solvation. The suggested picture gpectrum for this complex to be given by the convolution of
one in which neutral Cl is ejected during the contraction oftwo one-dimensional spectra, the structured spectrum along
the Xe"CI~ bond with a concerted collapse of the solventXe—Cl and the continuous spectrum along CI-Cl, as is ob-
shell on the dipolar moiety. served experimentally when monitoring the Xe®)( A pos-
sible explanation for the difference between this action spec-
o . trum and that obtained when monitoring XeC)( can be
F. Implications regarding the gas phase complex provided, if we assume, that the latter is frofy, com-

The photoinduced harpoon reaction has been studied iplexes. Noting that even after taking spin—orbit interactions
Xe:Cl, complexes prepared in molecular beams by botHnto account, the X&Cl™(Cy,) state is nearly purely offl
one® and two-photon excitatioff®**® These experiments charactef® we recognize that this fragment would correlate
have yielded results that were difficult to comprehend withinwith the Xe(p,) —Cly(my) transition which occurs in the T
the model assumptions. No evidence for'’X®, was found, —geometry, as indicated in Fig(l. Now the C} fragment is
and the harpooning was Comp|eted producing the vibraborne on its ground surface, and its vibronic states will con-
tionally cold Xe'Cl~ product despite the fact that it was tribute to the observed two-photon spectrum. The anticipated
estimated that the product would be formed with an exces§pectral congestion could explain the absence of structure in
energy of 15000 cm'.® Moreover, this result was in sharp this channel.
contrast with the full collision X&+Cl, reaction product of Given the details of surfaces that are known for this
Setseret al. where the nascent vibrational population wasSystem, it would seem that the above speculations are unnec-
near v =100’ A more intriguing observation was also essary. Detailed theoretical analysis of the spectra and dy-
made in the two-photon action spectra. When monitoring théamics in various media should be possible, and would be
XeCl(B) fluorescence, a structured excitation reminiscent ohighly illuminating.
the XeCl fragment could be observed, while when monitor-
ing the XeCIC) emission, an unstructured prqﬂle Was \, ~ONCLUSIONS
observed® In the more recent one-photon experiments, it
was clear that XeCR) is formed directly, and that XeQk) In liquid Ar, as in solid Ar, excitation of the
is formed subsequently through collisions. These results ar@lz(lﬂuelEg) dissociative transition~1.5 eV above the
surprising if two assumptions are made, that the complex isnolecular dissociation limit, leads to no permanent dissocia-
T shaped and that the excitation prepared X4, (>,). Our  tion. The cage effect is complete, the Cl atoms geminately
analysis indicates that neither of these assumptions are necombine on a time scale shorter than the experimental de-
essarily valid. tection limit of 108 s. Population trapping in th&/A’ (311,

Taking the anisotropy of the Xe—Cl potential into ac- states occurs during recombination.
count, it is easy to show that the linear and T complexes of In binary CL/LAr solutions, the CJ(A/A’) state is
Xe:Cly(X) have comparable well deptA%in the linear ge- probed via laser induced fluorescence from the molecular
ometry, one-photon induced charge transfer out of theon-pair states. The energetics of the molecular ion-pair
Xe(p,) orbital would lead to X&CI~(X) which correlates states in liquid Ar are nearly identical to those in solid
with XeCI(B), consistent with experimeft.In the C,, ge-  Ar.%** The moleculaD’ (*I1,4)—A’(°Il,,) transition oc-
ometry, electron transfer from either Xgf or Xe(p,) to  curs at 5 eV, red shifted by 0.5 eV from the gas phase due to
either o, or my molecular orbitals on Glwould lead to a electronic solvation of the ion-pair state. The emission over
linear combination of XéCI™ Il andX states, and therefore the same transition is further shifted to 3.44 eV due to sol-
both XeCIB and C would be created directly, in contrast vent rearrangement and charge localization. Given the strong
with experiment® While the role of orbital orientations on Ar—CI* interaction, the ion-pair state binds to the solvent
product selectivity was considered in Ref. 10, it was notatoms, and the emission terminates on the repulsive Ar—Cl
recognized that the experiment could not be reconciled witlwall on the neutral surface. The effective radiative lifetime of
the T geometry, which was assumed to be the more likelyhe A/A’ state in LAr is 22-2 us.
possibility. The two-photon coherent excitation of the com-  In ternary Ch/Xe/LAr solutions, new excitation and
plex is a two-electron transition, the Xe electron is trans-emission bands associated with the:&e complex are ob-
ferred to C}, and the CJ electron is promoted to thé*[1)  served and analyzed. In addition to the molecular ion-pair
state, and as such yields itself to the analysis presented abostates, the XeCl, intermolecular charge transfer states are
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