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Sequential two photon studies of Xe:Cl2 complexes in liquid Ar are reported. The first photon
prepares the excited state complex Xe:Cl2~

3Pu!, which radiatively relaxes with a lifetime of 1061
ms ~2262 ms for the uncomplexed Cl2~

3Pu!!. A second photon accesses either the molecular ion
pair state, Xe:Cl1Cl2, or the contact charge transfer transition, Xe1Cl2

2 . The latter dissociates to
Xe1Cl21Cl even though the product is formed at threshold. The former undergoes charge
rearrangement and decays radiatively via Xe1Cl2

2 ~2Su!→XeCl2~
1Sg!. Analysis of the excitation

and emission spectra of the key intermediate in laser induced harpoon reactions, Xe1Cl2
2 , leads 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 surfaces. ©1996 American
Institute of Physics.@S0021-9606~96!02134-4#

I. INTRODUCTION

Laser induced harpoon reactions, the most common of
which are those between rare gas atoms~Rg! and molecular
halogens~X2! or halogen containing polyatomic molecules
~RX!, have been extensively studied in the gas phase,1–8 in
clusters produced in molecular beams,9–11 in the solid
state,12–16and in the liquid phase.13,14,17–19This class of pho-
tochemical reactions is useful in studies of fundamental
chemical dynamics, and in particular, bimolecular chemistry,
in condensed media. Specializing to the case of molecular
halogens, the process can be generically summarized as

Rg1X21hn→@Rg1X2
2#→Rg1X21X. ~1!

The salient features, and the wealth of processes that can be
interrogated via this reaction, can be recognized by noting
the variety of entrance channels that lead to the key interme-
diate, the Rg1X2

2 charge transfer complex.
The most direct analogy with the classic harpoon

reaction,20 the prototype of which is the reaction of an alkali
atom with a molecular halogen,21 is realized by initial exci-
tation of the rare gas atom to a Rydberg state, Rg* .22,23Due
to its reduced ionization potential, Rg* can be regarded as a
pseudoalkali:

Rg1~n!hn→Rg* , ~2a!

Rg*1X2→@Rg1X2
2#→Rg1X21X. ~2b!

Thus, in an otherwise unreactive solution of X2/Rg, one- or
multiphoton resonant excitation of the rare gas creates the
reactive pseudo alkali, and affords the staging of the bimo-
lecular harpoon reaction. An important distinction between
the gas and condensed phases in this case is the excitonic
nature of the initial state prepared when Rg constitutes the
solvent, or the host.16,18

Initial excitation of the molecular halogen to an ion-pair
state provides an alternate entrance channel to the same dy-
namics especially in the case of Rg5Xe:

X21~n!hn→X1X2, ~3a!

X1X21Xe→@Xe1X2
2#→Xe1X21X. ~3b!

The reactivity of the ion-pair state in Eq.~3b! is guaranteed
where the ionization potential of Rg is less than that of the
halogen: Rg5Xe, X5F, Cl; and will generally hold in ver-
tically prepared ion-pair states due to their excessive vibra-
tional energy content, as has been rigorously shown for I2,
Br2, and ICl.24 The ultrafast experiments on gas phase
Xe1I2, belong to this class.25

Another distinct entrance channel to laser induced har-
pooning is via photoinduced intermolecular charge transfer,
i.e., excitation of the contact charge transfer transition, which
may be explicitly expressed by the sequence:

Rg1X2
 @RgX2#, ~4a!

@RgX2#1~n!hn→@Rg1X2
2#→Rg11X21X, ~4b!

where@RgX2# is strictly a collision pair. This description is
contained in Eq.~1!, with the implied emphasis that the pro-
cess is ann1two-body scattering event, wheren is the num-
ber of photons involved. Distinguishing this cooperative pro-
cess from those of Eqs.~2! and ~3!, is a nontrivial
experimental task. The situation is particularly complicated
in the case of two-photon excitation due to interference from
yet another channel, namely that of photodissociation fol-
lowed by photoassociation:26,27

X21hn→X1X, ~5a!

X1Rg1hn→Rg1X2, ~5b!

in which the photoassociation process of Eq.~5b! again rep-
resents excitation of an interatomic transition, a transition of
the @RgX# collision complex.

In ultrafast measurements with 100 fs time resolution,
and by a proper choice of wavelength, it was possible to
single out the process of Eq.~4b! for an unequivocal dem-
onstration of this channel in solutions of Cl2/LXe.

19 This
observation has been more recently verified by time resolved
measurements in clusters containing Cl2 and Xe.10 In the
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latter two color experiments, with a probe wavelength of 308
nm, a delayed transient signal due to the sequential process
of Eq. ~5! could also be seen. The interesting aspect of this
observation is the fact that it is transient, otherwise this is the
standard method for probing photodissociation of halogen
containing molecules in the gas and condensed media, and
has even been applied as an analytical tool for detection of
Cl atoms.28

Finally, it should be noted that in the case of sequential
excitation, either due to rapid recombination, as in con-
densed media, or by choosing a bound upper state, Eq.~5a!
may lead to preparation of an electronically excited state of
the molecular halogen, X2* . The full set of entrance channels
listed above can now be repeated with the electronically ex-
cited halogen as reagent:

X21hn→X2* , ~6a!

X2*1Rg1hn→@Rg1X2
2#→Rg1X21X, ~6b!

in which Eq.~6b! should be interpreted as the equivalent of
Eq. ~1!, with its variations Eqs.~2! through~5!.

The applications of the above listed reactions to con-
densed phase chemical dynamics is perhaps obvious. The
sudden creation of the pseudo-alkali in Eq.~2! enables the
time resolved study of bimolecular reactions. The sudden
entrance into the charge transfer complex, via Eq.~3! or Eq.
~4!, enables the study of solvation and dissociation dynamics
on ionic surfaces, and time resolved studies of subsequent
bimolecular reactions.19 The sequential excitation scheme in
Eq. ~5! enables the investigation of photodissociation dy-
namics on the X2* surface, if dissociative, or vibronic dynam-
ics via Eq.~6!, if X 2* is bound or caged.

13,14,17Obviously, the
source of the wealth of laser induced harpoon reactions is
also the source of complication. More often than not, the
variety of listed entrance channels coexist in the same sys-
tem, necessitating indirect interpretations. These complica-
tions are relaxed in the study of the Xe:Cl2 complex in liquid
Ar, which we report in this paper. With Cl2/LAr studies as
background, two-color spectroscopy with ns lasers allows a
clear demonstration of some of the intermediates and mecha-
nisms which have previously been postulated or advanced
through indirect modeling. Included among these are:~a! the
direct observation of the Xe1Cl2

2 intermediate in its various
electronic states;~b! a direct demonstration of the contrast
between reactive dynamics on covalent versus ionic surfaces
in condensed media;~c! relative energetics of solvated mo-
lecular ion-pair states and intermolecular charge transfer
states, and their associated dynamics;~d! observation of the
predicted dramatic lowering of intermolecular charge trans-
fer resonances from excited Cl2~A/A8! versus Cl2(X) states
controlled by vertical electron affinities;17 ~e! characteriza-
tion of the neutral Xe:Cl2 complex in its various electronic
states. The ground state of this complex has been studied in
molecular beams,29 and considered theoretically,30 as a van
der Waals complex which shows incipient bonding. Two-
photon induced harpoon reactions of the bare Xe:Cl2 com-
plex have also been reported.9,10 A comparison of the liquid

phase data with those in the gas phase allows the consider-
ation of effects of solvation on structure and reactivity of this
relatively simple model system.

The experimental paradigm and design has been com-
pletely discussed previously,17 we repeat it here succinctly.
In solutions of Cl2/LAr, we first excite Cl2 to its dissociative
1Pu surface.

31 Due to the strong cage effect, the molecule is
reformed populating the bound electronic surfaces—X, A,
and A8—that correlate with Cl~2P3/2!1Cl~2P3/2!.

32 This is
verified by a second laser tuned to promote theA/A8 popu-
lation to the molecular ion-pair states the energetics of which
are well established from studies in solid Ar.33,34 While
strongly solvated, the ionic states fluoresce without further
chemistry. This serves as the background to interpret experi-
ments in ternary Cl2/Xe/LAr solutions. Xe:Cl2 complexes
can now be probed directly: excitation of the intermolecular
charge transfer state Xe1Cl2

2~2Pg!, leads to emission from
solvated Xe1Cl2 and Xe2

1Cl2 exciplexes;13 while excitation
to the molecular ion-pair state leads to emission from the
Xe1Cl2

2~2Su!. As we argue, the latter emission had previ-
ously been observed but misassigned.

II. EXPERIMENT

The experiments were carried out in a three window
cryocell attached to an all monel gas handling manifold. The
cell is constructed of Be:Cu and electroplated with rhodium.
Sapphire windows, sealed with indium gaskets, are used on
all three sides. A closed-cycle He cryostat~CTI-22! is used
to 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 Cl2 prior to
sample preparation. The Cl2 ~Matheson! was purified by
pumping on it in a liquid nitrogen trap. Xe of 99.999% purity
~Spectra Gases! and Ar of 99.999% purity~Matheson! were
used without further purification. The majority of data was
acquired at 100 K in solutions of liquid argon, under its
saturated vapor pressure. Experiments were carried out in
either binary, Cl2/LAr, or ternary, Xe/Cl2/LAr, solutions, at
various concentrations of Xe and Cl2.

Two lasers were utilized with beams counter propagat-
ing in the cell. A XeCl laser~Lambda Physik EMG 101!
operating at 308 nm, with a 20 ns pulse width and typical
energies of 50–100mJ, was used as the initial excitation
source. The second pulse, at 325 or 250 nm with 12 ns pulse
width and a typical energy of 30mJ per pulse, was obtained
as the doubled output of an excimer-pumped dye laser
~Lambda Physik EMG 201 MSC/FL 3002!. Fluorescence
was measured at 90° to excitation through a Jarrell Ash
monochromator~model 82-410! using a photomultiplier tube
~Hamamatsu 666!. Data was collected with a digitizing os-
cilloscope~Tektronix 2430!, controlled via a personal com-
puter~AST 286!. Spectra were recorded with an optical mul-
tichannel analyzer~EG&G OMA3!.

III. RESULTS

Emission spectra obtained by sequential excitation of a
solution of Xe/Cl2/LAr are shown in Fig. 1. The spectrum in
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Fig. 1~a! is obtained by sequential excitation: 308 nm fol-
lowed by 325 nm excitation. The spectrum consists of the
solvated XeCl(B→X) and XeCl(C→A) transitions at 355
nm and 395 nm, respectively; and the broad Xe2Cl emission
near 550 nm.13 The XeClB andC states are in collisional
equilibrium, and relax with an average radiative lifetime of
3863 ns, while the triatomic exciplex relaxes with its radia-
tive lifetime of 200 ns. These transitions and lifetimes have
been well established previously, both in liquid13 and solid
Ar.12 They are redshifted from their gas phase values by
;0.5 eV, due to solvation of the ionic upper states in the
dielectric of the medium. The dielectric of the medium also
effects a shortening of radiative lifetimes, such that
t1/tg;0.6.35 Taking this effect into account, using the gas
phase radiative lifetimes forB→X andC→A transitions of
13 and 130 ns, respectively, we may conclude from the ob-

served lifetime for these states that the ordering betweenB
andC states is the same as in the gas phase,36 B is aboveC
by ;70 cm21.

Excitation of the same solution with the sequence
308 nm1250 nm leads to the spectrum in Fig. 1~b!. Three
broadbands peaking at 360, 470, and 550 nm, with identical
lifetimes of 5264 ns, are now observed. These broadbands
are somewhat distorted, and there is evidence that the spec-
trum of Fig. 1~c! also contributes to this spectrum.

In binary solutions of Cl2/LAr, the 308 nm1325 nm
excitation sequence does not lead to an observable emission,
while 308 nm1250 nm excitation leads to the single emis-
sion band at 360 nm shown in Fig. 1~c!. The measured life-
time of this emission is 4864 ns. Clearly, the 470 and 550
nm bands observed in Fig. 1~b! are associated with Xe while
the 360 nm band observed in Fig. 1~c! is not.

A discrete excitation spectrum, by monitoring fluores-
cence at 355 nm which is common to all spectra, was ob-
tained with the pump wavelength fixed at 308 nm while
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. 1~b!; while the weaker absorption centered at
325 nm yields the emission spectrum in Fig. 1~a!.

The lifetime of the intermediate state involved in the
sequential excitation scheme is obtained by monitoring the
LIF intensity as a function of delay between pump and probe
lasers. In all cases the LIF rise time is laser limited—faster
than 1028 s—however, the decay is measurable. The delay
dependence for 308 nm1250 nm excitation, while monitor-
ing the 360 nm emission, is shown in Fig. 3. The observed
decay is exponential with a lifetime of 2262 ms. The delay
dependence for the 308 nm1325 nm excitation, while moni-
toring emission at 355 nm, is also shown in Fig. 3. The decay
in this case has a lifetime of 1061 ms. These decay times
were established to be independent of both Xe and Cl2 con-
centrations, for concentrations ranging from 50 to 1000 ppm
in each. The independence of decay times on the Cl2 concen-
tration is illustrated in the inset to Fig. 3.

FIG. 1. Fluorescence spectra:~a! ternary solution of Cl2/Xe/LAr excited by
308 nm1325 nm sequence;~b! ternary solution of Cl2/Xe/LAr excited by
308 nm1250 nm sequence;~c! binary solution of Cl2/LAr excited by the
308 nm1250 nm sequence.

FIG. 2. Discrete excitation spectrum obtained by monitoring fluorescence at
355 nm. The continuous curve is a spline fit to the discrete experimental
points.
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IV. DISCUSSION

A. The intermediate state

Based on the delay dependence of the signals, it is clear
that in these sequential two-photon excitations, an interme-
diate state with a lifetime of;1025 s is being formed. As-
signment of this state to Cl2~A/A8! is straightforward. At 308
nm, the absorption in Cl2 is to the repulsive

1Pu state. How-
ever, this excitation does not lead to permanent dissociation
of the molecule in liquid Ar. Had such a channel existed, we
would expect, at the experimental concentrations, a diffusion
controlled risetime of;1027 s for the formation of XeCl(X),
which would serve as the intermediate state in accessing
Xe1Cl2 with UV excitation @as in Eq. ~5!#. This, for ex-
ample, is the case for F2 dissociation in F2/Xe/LAr
solutions.37 Evidently, as in the case of solid Ar,13,32 at this
excitation energy, the cage effect is complete for Cl2 in liq-
uid Ar. Geminate recombination, in addition to formation of
Cl2(X), leads to population trapping in theA/A8 states. The
latter are the only bound electronically excited states that
correlate with Cl~2P3/2!1Cl~2P3/2!.

The observed variation of the Cl2~A/A8! relaxation time
in the different solutions is noteworthy. We expect the nested
A(3P1u) andA8(3P2u) states to be in collisional equilibrium
in the 100 K liquid. The strongly forbiddenA8→X emission
in solid Ar has a radiative lifetime of 73 ms,32 while the
A→X emission can be expected to be several orders of mag-
nitude shorter.38 The observed lifetimes of;1025 s, which
do not show dependence on Xe or Cl2 concentration, are then
dominated byA→X radiation ~which must be enhanced in
the liquid phase by intensity borrowing fromB→X!. The

situation is quite similar to that of Br2 in Liquid Xe, which
has previously been studied by the same method as in the
present.17 It is also well established that the radiative life-
times of these forbidden transitions are shortened in the se-
ries Ar, Kr, Xe.38 The observation of a 22ms lifetime for the
A/A8 states while monitoring the 360 nm emission, which
does not involve Xe, and a lifetime of 10ms while monitor-
ing the XeCl emissions, is consistent with the expectation
that Xe enhances the radiative coupling ofA to X. The ra-
tionale, however, leads to the conclusion that Xe remains
complexed to Cl2~A/A8!, 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
been the case, then the complex would dissociate on the time
scale of the elementary step of diffusion,;10211 s. The
observed lower limit for this process of 1025 s implies a
lower limit of ;0.25 eV for the free energy barrier to ex-
change between Xe and solvent Ar.

We are forced to conclude incipient chemical bonding
between Xe and Cl2~A/A8!, as suggested previously for the
ground state complex Xe:Cl2~X!.29,30Further stabilization of
the complex in the excited Cl2~A/A8! state, which has an
electron configurationsg

2pu
4pg

3su
1, must be attributed to par-

tial charge transfer from the polarizable Xe to the hole in the
pg molecular orbital. This can be regarded as a mixing be-
tween covalent and ionic states, an effect that will be en-
hanced upon solvation due to lowering of the ionic poten-
tials. In the absence of a quantitative analysis, this
consideration alone does not suggest an obvious structure for
the complex. However, given the stability of the complex,
we may limit our consideration to the linear and T-shaped
possibilities.

B. Excitation resonances

The two resonances observed in the excitation spectrum
of Fig. 2 can be interpreted based on energetics alone. The
250 nm excitation, which is present in the binary Cl2/LAr
solutions, can uniquely be assigned to access of the lower
tier of Cl1~3P2!Cl

2~1S! ion-pair states, via theD8←A8
transition.39 Using the known potential parameters for the
free molecule, the observed vertical transition at 250 nm im-
plies electronic solvation of the Cl1Cl2~D8! state by 0.5 eV
~see Fig. 4!. This is consistent with what is observed for the
equivalent transitions of I2 in solid Ar,

40 and characteristic of
solvation of a dipole of a full charge separation at a distance
of ;3 Å, as in the cases of Xe1Cl2 and Xe2

1Cl2 already
encountered above.

The 325 nm excitation occurs significantly below the
first molecular ionic transition, yet it leads to formation of
xenon chloride exciplexes, it must therefore, be assigned to
the contact charge transfer transition: Xe1Cl2

2←XeCl2~
3Pu!.

We will consider the energetics of this transition, and the
charge configurations that are implied, in terms of diatomic

FIG. 3. Lifetime of Cl2~A/A8! measured as a function of delay between
pump and probe lasers. The Cl2~A/A8! is prepared in Cl2/Xe/LAr by disso-
ciative pumping at 308 nm, and probed via laser induced fluorescence from
the ion pair state accessed at 250 nm and monitored at 360 nm. The~A/A8!
state in the Xe:Cl2 complex is prepared by 308 nm excitation, and probed
via laser induced fluorescence from the intermolecular charge transfer state
accessed at 325 nm and monitored at 355 nm.
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fragments in the triatomic complex, in the spirit of
diatomics-in-ionic-systems.41 Consideration of the molecular
orbital diagram of Cl2 in Fig. 5, makes it clear that two
contact charge transfer transitions are possible: electron
transfer from Xe, to either thepg or thesu molecular orbital,
to prepare either Cl2

2~2Su! or Cl2
2~2Pg!, respectively.

42 With
the aid of Fig. 4, it can be verified that in a vertical electron
transfer, the first transition creates the Cl2

2 fragment near the
minimum of its bound ground state; while the second transi-
tion prepares the molecular ion on its dissociative curve.
Only the latter is consistent with the experiment. This can be
established with the data contained in the experiment. Thus,
taking the binding energy of Cl2~A8! of 0.31 eV into account,
325 nm promotes the system to 3.5 eV above the Xe1Cl1Cl
asymptote. The vibrationally equilibrated product
Xe1Cl2(B) emits a 3.5 eV photon~355 nm! in its radiative
dissociation to the same Xe1Cl1Cl asymptote. The photon
therefore does not contain the additional 1.48 eV which
would be required to overcome the binding of Cl2

2~2Su!. The
Xe1Cl2 is therefore prepared cold, near thermodynamic
threshold, on a surface consistent only with Cl2

2~2Pg! in
which the Cl–Cl coordinate is unbound.

The consistency of the above conclusion can be further
tested. The vertical charge transfer transition energy of the
complex, can be estimated as43

hn5IP@Xe#2EAv@Cl2~A/A8!#2e2/r c2DEs , ~7!

in which IP@Xe% is the ionization potential of Xe512.13 eV,
EAv is the vertical electron affinity of the electronically ex-
cited Cl2 which depends on the choice of states, the third
term is the Coulombic stabilization of the charge transfer
state at the contact distancer c between Xe and Cl2, and
DEs;0.5 eV, represents the differential solvation of the
ionic and neutral states in liquid Ar. Thus the first three
terms in Eq.~7! are appropriate for the gas phase intermo-
lecular charge transfer at contact, and the effect of the dielec-
tric is entirely accounted by the last term. Using the Cl2

2

potentials of Chen and Wentworth,42 the vertical electron
affinities as measured from the minimum of Cl2~A8! are 2.7
and 4.5 eV, for transitions terminating on Cl2

2~2Pg! and
Cl2

2~2Su!, respectively. If we assumer c53.2 Å, i.e., that of
the Xe–Cl pair minimum,44 then 325 nm implies a vertical
electron affinity of 3.3 eV. This value cannot be reconciled
with a transition terminating on Cl2

2~2Su!, but would be con-
sistent with a transition to Cl2

2~2Pg! if the Cl–Cl bond length
in the complex were stretched out to 2.9 Å. Thus, with a
reasonable modification of bond lengths away from their
separated pair values in the Xe:Cl2~A/A8! complex, e.g., a
Cl–Cl bond length of 2.8 Å and a Xe–Cl bond length of 3.1
Å, the observed transition can be unambiguously established
as terminating on Cl2

2~2Pg!. The extracted structure will cer-
tainly have significant uncertainty due to the estimate of sol-
vation and uncertainty in the negative ion potentials. What is
certain, however, is the assignment of the transition, and the

FIG. 4. A partial energy level diagram of the relevant solvated electronic
states along the Cl–Cl coordinate. The dashed curves are for the unper-
turbed gas phase potentials. The ion-pair state is electronically solvated by
0.5 eV, as verified from the Cl2(D8←A8) resonance at 255 nm, which is
indicated by the up-arrow. The excitation resonance for the intermolecular
charge transfer transition, Xe:Cl2~

2Pg!←Xe:Cl2~A8! at 325 nm is indicated
by the shorter up-arrow. The upper state is located according to Eq.~7! of
the text. The fluorescence of the charge transfer complex,
Xe1Cl2

2~2Su!→XeCl2~
1Sg! 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 Cl2 which depend on the choice of initial and
final states.

FIG. 5. The possible intermolecular charge transfer transitions in the
XeCl2~

3Pu! complex are indicated. The solid arrow corresponds to the ob-
served excitation transition, while the allowed dashed arrow corresponds to
the unobservable transition.
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trend that the Cl2 bond length is somewhat longer in the
complex, and that the Xe is more tightly bound than what
would be expected based on van der Waals parameters. The
latter conclusion was also reached on the basis of the lifetime
of the complex.

In summary, based on energetic grounds alone, we can
conclude that the vertical excitation at 325 nm prepares the
charge transfer state of the complex on a surface that directly
correlates with the two fragment electronic states:
Xe1~2P!1Cl2

2~2Pg! and Xe1Cl2~2S1/2!1Cl~2P3/2!.

C. Assignment of emission spectra

The photodynamics subsequent to 308 nm1250 nm ex-
citation in the binary solutions of Cl2/LAr are nearly identi-
cal to what is observed in solid Ar.33,34 The 250 nm photon
prepares the Cl1Cl2 ion-pair state, which is shifted by;0.5
eV relative to its gas phase energy due to electronic solvation
in the dielectric of the medium. The known45 strong binding
in ArCl1 leads to complexation of the ion-pair state with the
solvent, which is reflected by the dramatic Stokes shift of
;1.5 eV observed between excitation~250 nm! and emission
~360 nm!. Note, that in this case, the larger ionization poten-
tial of Ar implies that the Ar1Cl2

2 states are significantly
above those of ArCl1Cl2.

The photodynamics due to the 308 nm1250 nm excita-
tion sequence of the Xe:Cl2 complexes in liquid Ar, differs
from the case of Cl2/LAr, by the fact that the intermolecular
charge transfer states are now lower in energy than the mo-
lecular ion-pair state. It was experimentally established that
the 470 and 550 nm emissions are due to charge transfer
states containing Xe, and given the fact that they relax with
the same rate, they are likely to originate from the same
upper state. In the absence of lifetime measurements, spec-
troscopically, it would be difficult to distinguish the 550 nm
emission from that of the Xe2

1Cl2 emission, and could have
been overlooked in prior studies. However, the 470 nm band
had previously been observed by multiphoton excitation of
ternary solutions at 308 nm, and had been assigned to the
mixed triatomic exciplex~XeAr!1Cl2.13 The absence of the
470 nm band in the spectrum of Fig. 1~a!, which contains the
spectra of Xe1Cl2 in liquid Ar, makes that assignment un-
acceptable. The 250 nm excitation in this case prepares the
ion-pair state of Cl2 with a Xe as nearest neighbor,
Xe:Cl1Cl2. Charge rearrangement in this case should lead to
the lowest of ionic surfaces, to Xe1Cl2

2~2Su
1!, which would

then relax radiatively, via the back charge transfer
Xe1Cl2

2→XeCl2. The observed transition energy can be ra-
tionalized using Eq.~7!, but now using the adiabatic electron
affinity of Cl2 since the emission is from the relaxed state.
Assumingr c53 Å, consistent with the determination from
the excitation resonance, the ionic state can be located at
1.83 eV above the Xe1Cl1Cl asymptote. The observed
emission at 2.64 eV~470 nm! implies that the emission must
terminate 0.8 eV below the dissociation limit of Cl2. This
establishes the terminal state of the transition as Cl2(X), and
yields an estimate for the Cl–Cl bond length in the ionic
complex of 2.9 Å. A more careful estimate, including Xe–Cl

repulsive energy on the neutral surface, places this closer to
2.95 Å. The more robust conclusion is the fragment correla-
tions associated with the 470 nm transition: namely
Cl2

2~2Su
1!→Cl2~

1Sg
1! and Xe1Cl2→XeCl(X). The broad

emission at 550 nm from the same upper state can therefore
be ascribed to termination on the XeCl(A) surface. Indeed,
both the separation between these emissions and their widths
parallel those of XeClB→X andC→A transitions.

The above revision of the 470 nm emission, also applies
in its entirety to an assignment made in ternary solids of
Cl2/Xe/Ne, in which in addition to observing all of the xenon
chloride exciplexes, a band at 430 nm~2.89 eV! was as-
signed to~XeNe!1Cl2.46 That inconsistency, namely the co-
existence of Xe1Cl2 and a distinct~XeNe!1Cl2 in a Ne host
can be eliminated in kind, by reassigning the emission to
Xe1Cl2

2 in Ne. The difference in emission peaks of 0.24 eV
between Ne and Ar, agrees with the expected difference sol-
vation of the ionic state. The issue of which mixed triatomic
exciplexes,~RgRg8!1X2, can be formed in a given rare gas
host has been considered previously.47 The only definite as-
signments are for those where Rg and Rg8 are from neigh-
boring rows. The only outliers to this rule~XeAr!1Cl2 and
~XeNe!1Cl2 are reassigned here. A simple generalization
can be made. Only for systems where the binding energy of
~RgRg8!1 is larger than the dipole induced dipole interaction
of Rg1X2 and Rg8 will there be a definite mixed triatomic
complex formed. This conclusion holds for all the known
mixed triatomic exciplexes, as can be verified by the data
collected in Table III of Ref. 47.

D. Structure of the cluster

The observed excitation resonance in the complex was
established above to correlate with the Cl2

2~2Pg!←Cl2~
3Pu!

transition and not with Cl2
2~2Su!←Cl2~

3Pu!. These transi-
tions are illustrated respectively by the solid and dashed ar-
rows in Fig. 5. The observed emission correlates with
Cl2

2~2Su!→Cl2~
1Sg!, the reverse of the solid arrow in Fig. 5,

but now pg is doubly occupied. The observed transitions
show an apparentu↔g andDL50 propensity, dictated by
the Cl2 moiety. These are not strict selection rules. For any
symmetry of the triatomic Xe–Cl2 complex, be it linear,C2v,
or Cs , there cannot be found strict symmetry arguments to
preserve such a selection on the diatomic fragment. The ef-
fective observed transitions must therefore, be controlled by
the overlap between electron and hole wave functions in-
volved in the optical charge transfer transitions. As we argue
below, this consideration leads to the conclusion that the
observed transitions are strictly those of the linear complex.

Continuing with our analysis of the complex from its
diatomic fragments, we extend in this section the consider-
ations that are well established for the Rg–X fragment. The
Xe–Cl pair potentials have been well analyzed
theoretically.48 The interaction energy is minimized for theS
approach, where the hole on the halogen atom points at the
rare gas. This minimizes electron–electron repulsion, and
therefore the distance of closest approach. Binding then re-
sults from the sum of dispersion forces and ionic admixture
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in the ground state. The intensity of RgX–Rg1X2 transitions
is controlled by overlap between electron and hole wave
functions, whereby,S–S andP–P transitions are two or-
ders of magnitude larger thanS–P transitions.48 Now con-
sider the complex with the aid of Fig. 6 in which the relevant
orbitals, the half filledsu(pz2pz) andpg(px2px) orbitals
of the Cl2 fragment are shown. In either linear or T geom-
etry, the distance of nearest approach is determined by the
repulsion between the filledpz orbital on Xe and the molecu-
lar orbitals on Cl2~

3Pu!. This prevents the Xe(px,y) orbitals
from developing significant overlap with the molecular orbit-
als, and a transition such as Xe(px)→Cl2~pg! shown with the
dashed arrow in Fig. 6~a! will be weaker than the
Xe(pz)→Cl2~su!. The latter electron transfer leads to the
observed correlation, it leads to Cl2

2~ 2Pg!←Cl2~
3Pu!.

Moreover, in this geometry, the Xe1~ 2P!Cl2
2~ 2Su!

←Xe~1S!Cl2~
3Pu! transition which is not observed in excita-

tion, cannot be affected by transfer of the Xe(pz) electron to
the molecularpg orbital ~see Fig. 6!. In the T geometry, only
the Xe(px) has the proper symmetry to transfer an electron
to eitherpg or su molecular orbitals on Cl2. Overlap consid-
erations@see Fig. 6~b!# make it clear that in this geometry the
transfer topg , and therefore excitation of Cl2

2~2Su!, would
dominate. Thus, the observed and absent excitations are pos-
sible to rationalize in the linear geometry, but not inC2v.
The neutral complex Xe~1S0!:Cl2~

3Pu! must be linear. Simi-
lar considerations apply for the observed emission, which

must arise from the ground state of the ionic com-
plex, i.e., from Xe1Cl2

2~ 2Su!. In the linear geometry,
emission can be accomplished via: Xe1~2P[px

2 ,py
2 ,

pz
1] !Cl2

2(2Su [sg
2pu

4pg
4su

1])→Xe~1S!Cl2(
2Pu [sg

2pu
4pg

4su
0]),

while in C2v the allowed Cl2~su!→Xe(px) transition would
have negligible overlap. Note, that based on the radiative
lifetime of the upper state, 531028 s, the observed transition
is strongly allowed. Therefore the observed emission is con-
sistent with the linear geometry and not consistent with the T
geometry: Xe1Cl2

2 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-
istence of dark T-shaped structures in the covalent state. In
fact the T-shaped complex of Xe:Cl2 has been observed in
molecular beam experiments.29 Ironically, those experiments
cannot exclude the presence of the linear cluster.

E. Solvent assisted dissociation on the ionic surface

The photodynamics in the ternary solutions initiated by
the 308 nm1325 nm excitation sequence is rather intriguing.
After preparation of Xe:Cl2~A/A8! with the 308 nm photon,
325 nm excitation induces the intermolecular charge transfer
in the complex. The only emissions observed in this case are
those of Xe1Cl2 and Xe2

1Cl2. Evidently, Xe1Cl2
2~2Pg! pre-

pared in liquid Ar, dissociates, and the neutral Cl atom is
prevented from back reaction with Xe1Cl2. Otherwise, cage
induced recombination on the bound Xe1Cl2

2~2Su
1! surface

would occur, and would be observed through its bright emis-
sion at 470 nm. The absence of this emission implies perma-
nent dissociation on the ionic surface.

This facile dissociation on the ionic surface is consistent
with the linear geometry of the complex. For the charge
transfer excitation in the linear geometry it is meaningful to
consider creation of an electron localized on the Cl atom
closest to Xe1—a closed shell Cl2 ion flanked by the open
shell Xe1 and Cl. In such an arrangement the Cl2 would be
Coulombically bound to Xe1 and its nonbonded interaction
with Cl the other atom would be comparable to that between
Cl2 and Ar. Upon the first stretch of the Cl–Cl2 coordinate
on its repulsive2Pg surface, the Xe

1Cl21Cl product would
be formed prior to any energy loss. The latter consideration
is crucial, since the excitation prepares the system near the
threshold of this exit channel. In contrast, in theC2v geom-
etry, the charge would initially be delocalized symmetrically
on both Cl atoms. Only after stretching, and interacting with
the solvent, would the charge localize. However, in this case,
energy loss prior to charge localization would be unavoid-
able, and a unit dissociation probability would not be pos-
sible.

The present experiment most directly illustrates the dra-
matic contrast between dynamics on ionic and neutral sur-
faces in condensed media: dissociation is complete on the
ionic surface with nearly zero excess energy in the initial
preparation, caging is complete on the neutral Cl2 surfaces
when prepared with an excess energy of;1.4 eV. This con-
trast persists in solids and liquids, has been recognized pre-

FIG. 6. The relevant atomic orbitals for the intermolecular charge transfer
transitions in the XeCl2~

3Pu! complex are shown for~a! the linear geometry,
~b! C2v symmetry. The dashed arrows represent allowed transitions with
poor electron-hole overlap. The nonallowed transitions, due to zero overlap,
are marked with anX.
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viously, and has been discussed as the ‘‘negative’’ cage
effect.12,13,15The energy gained by localization of charge on
one of the Cl atoms, and the solvation energy by collapse of
the cage on the nascent Xe1Cl2 dipole are the necessary
driving forces of dissociation. In effect, a solvent atom in-
serts between the Xe1Cl2 and Cl to complete the solvation
of the nascent dipole. The product formation is not con-
trolled by repulsive energy release, as would occur in the
case of the unsuccessful impulsive dissociation on the cova-
lent Cl2~

1Pu! dissociative surface; but rather, during the at-
tractive energy release of solvation. The suggested picture is
one in which neutral Cl is ejected during the contraction of
the Xe1Cl2 bond with a concerted collapse of the solvent
shell on the dipolar moiety.

F. Implications regarding the gas phase complex

The photoinduced harpoon reaction has been studied in
Xe:Cl2 complexes prepared in molecular beams by both
one-10 and two-photon excitation.9~a!,9~b! These experiments
have yielded results that were difficult to comprehend within
the model assumptions. No evidence for Xe1Cl2

2 was found,
and the harpooning was completed producing the vibra-
tionally cold Xe1Cl2 product despite the fact that it was
estimated that the product would be formed with an excess
energy of 15000 cm21.9 Moreover, this result was in sharp
contrast with the full collision Xe*1Cl2 reaction product of
Setseret al. where the nascent vibrational population was
near v5100.7~b! A more intriguing observation was also
made in the two-photon action spectra. When monitoring the
XeCl(B) fluorescence, a structured excitation reminiscent of
the XeCl fragment could be observed, while when monitor-
ing the XeCl(C) emission, an unstructured profile was
observed.9~b! In the more recent one-photon experiments, it
was clear that XeCl(B) is formed directly, and that XeCl(C)
is formed subsequently through collisions. These results are
surprising if two assumptions are made, that the complex is
T shaped and that the excitation prepares Xe1:Cl2

2~2Su!. Our
analysis indicates that neither of these assumptions are nec-
essarily valid.

Taking the anisotropy of the Xe–Cl potential into ac-
count, it is easy to show that the linear and T complexes of
Xe:Cl2(X) have comparable well depths.49 In the linear ge-
ometry, one-photon induced charge transfer out of the
Xe(pz) orbital would lead to Xe1Cl2~S! which correlates
with XeCl(B), consistent with experiment.10 In theC2v ge-
ometry, electron transfer from either Xe(px) or Xe(pz) to
either su or pg molecular orbitals on Cl2 would lead to a
linear combination of Xe1Cl2 P andS states, and therefore
both XeCl B andC would be created directly, in contrast
with experiment.10 While the role of orbital orientations on
product selectivity was considered in Ref. 10, it was not
recognized that the experiment could not be reconciled with
the T geometry, which was assumed to be the more likely
possibility. The two-photon coherent excitation of the com-
plex is a two-electron transition, the Xe electron is trans-
ferred to Cl2, and the Cl2 electron is promoted to the~1,3P!
state, and as such yields itself to the analysis presented above

for the sequential excitation. Note, in a coherent two-photon
excitation both time orderings must be included. In the linear
geometry, Cl2 is promoted to itsP state, and prior to any
motion, the Xe electron is transferred to the molecularsu

orbital. The repulsive energy along the Cl2
2~2Pg! surface, is

now entirely converted to relative translation of Xe1Cl2 and
Cl. The internal excitation Xe1Cl2 is entirely controlled by
the Franck–Condon accessible region, it will be cold due to
the similarity of the Xe–Cl distances in the covalent and
ionic states. We may expect the two-photon Franck–Condon
spectrum for this complex to be given by the convolution of
two one-dimensional spectra, the structured spectrum along
Xe–Cl and the continuous spectrum along Cl–Cl, as is ob-
served experimentally when monitoring the XeCl(B). A pos-
sible explanation for the difference between this action spec-
trum and that obtained when monitoring XeCl(C) can be
provided, if we assume, that the latter is fromC2v com-
plexes. Noting that even after taking spin–orbit interactions
into account, the Xe1Cl2~C3/2! state is nearly purely of2P
character,48 we recognize that this fragment would correlate
with the Xe(px)→Cl2~pg! transition which occurs in the T
geometry, as indicated in Fig. 6~b!. Now the Cl2

2 fragment is
borne on its ground surface, and its vibronic states will con-
tribute to the observed two-photon spectrum. The anticipated
spectral congestion could explain the absence of structure in
this channel.

Given the details of surfaces that are known for this
system, it would seem that the above speculations are unnec-
essary. Detailed theoretical analysis of the spectra and dy-
namics in various media should be possible, and would be
highly illuminating.

V. CONCLUSIONS

In liquid Ar, as in solid Ar, excitation of the
Cl2(

1Pu←1Sg
1) dissociative transition;1.5 eV above the

molecular dissociation limit, leads to no permanent dissocia-
tion. The cage effect is complete, the Cl atoms geminately
recombine on a time scale shorter than the experimental de-
tection limit of 1028 s. Population trapping in theA/A8(3Pu)
states occurs during recombination.

In binary Cl2/LAr solutions, the Cl2~A/A8! state is
probed via laser induced fluorescence from the molecular
ion-pair states. The energetics of the molecular ion-pair
states in liquid Ar are nearly identical to those in solid
Ar.33,34 The molecularD8(3P2g)←A8(3P2u) transition oc-
curs at 5 eV, red shifted by 0.5 eV from the gas phase due to
electronic solvation of the ion-pair state. The emission over
the same transition is further shifted to 3.44 eV due to sol-
vent rearrangement and charge localization. Given the strong
Ar–Cl1 interaction, the ion-pair state binds to the solvent
atoms, and the emission terminates on the repulsive Ar–Cl
wall on the neutral surface. The effective radiative lifetime of
theA/A8 state in LAr is 2262 ms.

In ternary Cl2/Xe/LAr solutions, new excitation and
emission bands associated with the Cl2:Xe complex are ob-
served and analyzed. In addition to the molecular ion-pair
states, the Xe1Cl2

2 intermolecular charge transfer states are
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now optically accessible from Xe:Cl2~A8!. The lifetime of
theA/A8 state in the complex is 1061 ms. This also consti-
tutes the lower limit of the lifetime of Xe:Cl2~

3Pu!. The
strong binding in this excited state complex is ascribed to
partial charge transfer from Xe to the hole in the molecular
pg orbital, an effect that can be expected to be enhanced over
the gas phase due to lowering of the ionic excited states.
Based on analysis of the contact charge transfer transitions, it
is concluded that the Xe–Cl2~

3Pu! complex is linear in liquid
Ar.

The main contact charge transfer absorption of the ex-
cited state complex occurs at 325 nm, and leads to formation
of Xe1Cl2 and Cl. The dissociative nature of this transition,
and analysis of the energetics of the diatomic fragments
within the complex, leads to its assignment as
Xe1Cl2

2~2Pg!←Xe:Cl2~
3Pu!. This assignment is key to the

conclusion that the neutral cluster is linear. Excitation of the
molecular ion-pair resonance within the complex leads to an
emission at 470 nm, which had previously been assigned
to ~ArXe!1Cl2, and is presently reassigned to
Xe1Cl2

2~2Su
1!→XeCl2~

1Sg
1!. The simplest argument for re-

jecting the previous assignment is that it is possible to pre-
pare the Xe1Cl2 states in LAr without observing this emis-
sion. The same considerations allow reassignment of a 430
nm emission band observed in solid Ne,46 from ~XeNe!1Cl2

to Xe1Cl2
2 isolated in Ne. These reassignments bring consis-

tency to the list of mixed triatomic exciplexes observed in
condensed phase.47 They are limited to RgRg8 pairs where
Rg and Rg8 are from neighboring rows. Consideration of the
atomic orbitals implicated in this emission leads to the con-
clusion that Xe1Cl2

2 , which plays the key role in laser in-
duced harpoon reactions, is linear in its ground state.

The dramatic difference between photodissociation on
ionic and covalent surfaces, which has been previously noted
under the concept of a ‘‘negative’’ cage effect,12,13,15 is
clearly demonstrated in these studies. At an excess energy of
1.5 eV, Cl2 does not undergo permanent dissociation in liq-
uid Ar; while with nearly zero excess energy, Xe1Cl2

2~2Pg!
completes the harpoon reaction to dissociate with near unit
probability to Xe1Cl21Cl. The formation of this product at
threshold is also observed in the two-photon induced har-
poon reaction in Xe:Cl2 complexes prepared in molecular
beams.10 The line of arguments followed in the present study
are thought to provide a rationale for some of the surprises
found in those studies.
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