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In this study, we report the ultrafast dissociation and recombination dynamigentlbsed in well-defined

cages formed by the electroneutral host framework of the crystalline microporoys n®@ification
decadodecasil 3R (DDR). In this composite, each cage is occupied by one guest molecule, corresponding to
a high density of4. The dynamics are investigated by femtosecond pupipbe spectroscopy with variable

probe wavelengths. After excitation into the bound B state, collision-induced predissociation is observed
followed by recombination onto the A and Atates, where the molecules undergo vibrational relaxation. A
kinetic model is applied to simulate the experimental data. The results are compared with results from a
former study [Materny et all. Phys. Chenml996 100 18650] whered predissociation and caging dynamics

in compressed argon were probed along the reaction coordinate. Geminate primary recombination (within
the cage) is characterized by rate constants which are nearly identical to those fourid far &t 200-400

bar. No geminate secondary recombination (diffusive, outside the cage) is observed. However, approximately
10% of the recombinations are assumed to be nongeminate with a rate that corresponds to the motion of

iodine atoms into the adjacent cages.

1. Introduction I, in rare gases at high pressufe& in rare gas clusters; 15
in solid rare gas matrix€$,18 in liquids®1° and in confined
nanocavities in water solutior8.

A considerable amount of information could be drawn from

Since Franck and Rabinowittt? first proposed that solvents
can trap the geminate pair of atoms arising from a photodis-

sociated molecule, many experiments were performed on this . . .
; . - . ... these experiments which elucidate many aspects of the recom-
issue. Much of the earlier work concerned with the investigation

of the “cage effect” is summarized in a review article by Harris bination of the atoms due to the cage effect. The actual diatomic
et al? The recombination of two atoms inside a solvent “cage” potential energy surfaces (PES) affect rates and pathways of
has .been termed “primary’ recombination and has to be the photodissociation as well as the geminate recombination
distinguished from “nongeminate” recombinatibithe latter reactions. The caging may result in (i) trapped excited-state

. e .~ .. molecules which relax to the ground state by radiative or
term describes the usually much slower diffusive recombination L - . .
i . nonradiative transitions or (ii) ground-state molecules which are
of fragments from different parent molecules. Geminate and

. L . formed immediately upon recombination or after surface hop-
nongeminate recombination dynamics are usually observed on ina from excited states. The molecules are formed hot and
distinctly different time scales. The photodissociation and ping :

: S ; . lose their energy by vibrational relaxation. Most of the experi-
geminate recombination of in different solvents and matrixes . . ,
; - ; . __,ments cited above were performed using a time-resolved pump
is considered a prototype for the experimental and theoretical . .
. N ) ~__probe technique. The pump laser excites the molecules and the
investigation of an excited-state condensed-phase chemlcald namics are followed by a probe laser. detecting laser-induced
reaction. While the lifetimes of the excited B state dynamics of y yap ! 9

. . fluorescence (LIF), ions or transient absorption. With these
free L, molecules were found to be on a microsecond time Scale, : L ; X .
. . ) e experiments, it is possible to follow the reaction coordinate
in solution the decay of this state takes place within several

. S beyond the Franck-Condon region, which can be vertically
hundred femtosecondshe geminate recombination due to the . L
. LS ; accessed. The spatial coherence of the initially prepared wave
cage effect in different liquid environments was found to take

place within less than 2 (s Recently, experiments have been packets is measurédin condensed media, these phase coher-

L . . . ences are usually lost on time scales of fewer than 100 fs.
performed on iodine in different environments with a higher . . .
. . . Therefore, in most cases, spectroscopy in the frequency domain
time resolution. Femtosecond experiments were performed on

does not yield any vibrational resolution for the excited
F— g hould be add p electronic state¥2* To learn more about the chemically
o whom correspondence should be addressed. : : :
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Apkarian and co-worket$ 18 prepared wave packets on the
repulsive wall of the A state of,lembedded in cryogenic
matrixes of Ar and Kr fpump =~ 640-740 nm). They probed  bound region of the B state of We embedded the molecules
the time evolution of this wave packet via LIF from the ion- in porosil$4-36 which have a microporous structure similar to
pair states. In contrast to frequency domain experiments, theythose of zeolites. The application of crystalline microporous
were able to obtain the dynamics of the coupled moleeule materials as well-defined host components for the modular
bath system in real time. Most interestingly, they observed that assembly of new hostguest compounds, for the stabilization
after cage-induced recombination the coherence in the vibra-of otherwise unstable species, or the topology-controlled ar-
tional motion of the 4 bond lasted for several picoseconds before rangement of guest molecules offers an interesting route to
geminate recombination into the A state took place. This meansnoVvel, nanostructured, solid-state mat_er?‘é%s. From a spec-
that after the initial impulsive stretch of the-l bond (dissocia- ~ troscopic point of view, a highly interesting aspect of these rigid
tion) collisions of the atoms with the cage wall result in recoil ~Solid-state matrixes is the opportunity to use these materials as
and recombination. In this process, the phase coherence survives SOlid-state solvents” for sufficiently small molecules and to
resulting in subsequent coherent oscillations of the nasgent | Study the behavior of the latter spectroscopically in comparison
molecule. On the basis of these experiments, Li et al. define 0 that in a liquid solvent. In this respect, porosils, a special
recombination as “the permanent vibrational deexcitation of the €laSS of microporous frameworks consisting of corner-sharing
I, molecule below its gas-phase A state dissociation thresh®ld”. [Si0.r] tetrahedra only, are well-suited compounds. Due to the
Wang et al* reported similar coherent behavior also after A electrongutrallty of the host frameyvork, hegluest interactions
state direct dissociation fop molecules in Ar clusters. are significantly reduced for insertion compoynds based on the_se

. . hosts when compared to analogous composites based on zeolites

Comparable observations were reported by Zewail and co- (hich consist of negatively charged aluminosilicate frameworks

workerg? for direct B state dissociation of.IThey used pump

. . X and charge-compensating cations).
pulses with a wavelength 0#496 nm to excitedmolecules in Among the porosils known, we have chosen decadodecasil
low-pressure rare gases%0 bar). With these pump pulses, '

X pEE e 3R (DDR}® for matrix isolation studies of iodine inserted in
wave packets were prepared above the dlss_omatlon I|m|t_of the e voids of this compound. This is due to the unique host
B state. The caging that took place under bimolecular, single- 1,4|0gy which allows one to arrange the guest molecules in a
collision conditions re§ulted in collisional conflqement With  three-dimensional periodic array but isolated from each other
the atoms not reversing their momentum, caging at shorter i, separate cages thus preventing interaction between¥m.
internuclear separations, and caging cohererfiyfhe solute  The structure of DDR consists of pseudohexagonal sheets of
atoms do not separate completely. Instead, they are caged verpentagondodecahedra stacked in an ABCABC sequence (panel
rapidly by a single collision with the solvent. Therefore, despite 3 of Figure 1Y These sheets are connected by further §gJO
the random nature of the interaction, the coherence is preservedietrahedra, whereby cages characteristic of the DDR structure
giving rise to coherent B state oscillations. are created (panel b of Figure 1). Each$# 6! 8% ] cage with

For pump wavelengths in the range of approximately-500 a free volume of around 3503As surrounded by three other
620 nm, the absorption of; Ifrom the ground X state is  ones (panel c of Figure 1). After hydrothermal synthesis, these
dominated by the optical transition to the bound region of the cages are filled with a so-called structure-directing agent (here
excited B stat@>28 Experiments in rare gas clust&t$*2%as 1-aminoadamantane) which is incorporated during crystalliza-
well as in supercritical rare gases (at high pressure3, tion. However, the organic molecules can be burned out by
kbarf~11 have investigated the dynamics gfiolecules excited calcination (treatment in ambient atmosphere at elevated tem-
in such a way. Ultraviolet transient absorption300—400 nm, peratures) leaving an electroneutral si@odification behind.
depending on the solvent shift of the ion-pair st&é3 of the The crystalline matrix obtained in this way is an excellent basic
excited molecules to ion-pair states occurs from three regions: component for the assembly of new hegtiest compounds.
(i) the B state, (i) the A/Astates in their bound region, and ~ Inorganic guest molecules, like iodif?> mercury halides?
(iii) the A/A" as well as the X states close to their dissociation O chalcogen moleculé$;* have been inserted into this rigid
limits;3* in each case, detection of LIF from the strony<A crystalline microporous Simodification.
D' is possiblé®11 The experiments demonstrated that, for higher ~ The paper is outlined as follows. In the following section,
solvent densities, vibrational relaxation followed by predisso- We give a brief discussion of both the experimental arrangement
ciation rapidly depopulates the B state of thenolecules (rate  USed for the femtosecond time-resolved puipbe spectros-
~1 psY). The repulsive states populated by predissociation have 0Py and a description of the sample preparation. Some

not been conclusively identified. Most probably, theya) preliminaries are discussed in the third section. We present the
3 : 3 : experimental results in the Results section and discuss them in
and/or the @, (°Z") states are involveéf others® consider

the B'1,(*11) state as the most important exit channel. Geminate the _foIIo\\;v\;ng section in cor‘gpz_nson ttotrl:ormedr s;l{[ﬂ!es on |
recombination onto the AfAstates is observed to take place caging. Yve summarize our findings at the end ot this paper.
within a few picoseconds. In the high-pressure experiments, it

In the experiments discussed in the present paper, we applied
a pump wavelength which is resonant with a transition to the

could clearly be shown that both primary (within the solvent
cage; fast) and secondary recombination (diffusive; slow) are
responsible for the restoration of thenholecule. In contrast to

2. Experimental Section

A. Experimental Setup. The experimental apparatus for the
femtosecond pumpprobe experiments has been described in

the experiments, where direct dissociation from the A state detail elsewheré244 Briefly, a Ti:sapphire laser system in
continuum preceded the caging, no coherent oscillation of the combination with two four-pass OPAs was used to create the
nascent molecules in the Alfstates could be detected after femtosecond pump and probe pulses at variable wavelengths.
the predissociation from the bound B state. Additionally, it was The wavelength of the pump laser was chosen to be 535 nm
concluded from the transient shapes that fluorescence fromfor all experiments presented in this paper. The wavelength of
molecules recombining onto the X state did not significantly the probe laser was varied between 300 and 400 nm. The pulses
contribute to the overall transient signal. had energies of severall and durations of typically 80 fs at a
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autoclave was held in a forced-air oven at 433 K (temperature
constancy 1 K) for 21 days. After the autoclave was allowed to
cool to room temperature, the crystals were filtered off and
washed with diluted NaOH and finally deionized®in order

to remove amorphous gel residues. The calcination process was
performed by heating the crystals to 1123 K within 10 h, holding
them at this temperature for 4 h, and finally cooling them to
room temperature within 24 h. After calcination, the crystals
were colorless as was the as-synthesized product. The crystal-
linity and phase purity of both the as-synthesized and calcinated
products were confirmed by powder X-ray diffraction.

Insertion compounds of iodine in DDR were prepared in 10
mL autoclaves. The host compound was placed in a small glass
tube on the top, whereas iodine was on the bottom in order to
avoid a deposition of bulk iodine on the host surface during
cooling of the autoclave. For products obtained using typical
reaction conditions (3 days, 433 K), thermal analysis on a
Mettler TA 2 (heating rate, 10 K mir}; atmosphere, Ar; flux
ratg 5 L h™1, reference, AlO3; crucible material, AlOs) yielded
a composition of 120Sig6.0, i.e., every cage is occupied by
just one iodine molecule. Thermal analysis revealed the
composition to remain unchanged regardless if the host was
used in the form of a crystals or as a powder. Hence, it is
(C) c b justified to assume the contribution of iodine located at the outer

surface to be negligibly small. Furthermore, we would like to
point out that the porosils are hydrophobic and therefore it was
not necessary to keep the samples under anhydrous conditions.

(a)

(b)

3. Preliminaries

In the femtosecond experiments on iodher sodium
iodide*® in high-pressure rare gas environments, a pampbe
Figure 1. In (a), a view along the crystallographécaxis is given, technique combined with the detection of laser-induced fluo-
EhofWThg th[%_sgeﬁs tOf Eegtagongﬁd?;fzgfg%a- By conr?ectir:g @htese fSheeF%scence (LIF) was applied. However, LIF detection turned out

y further [Si4,] tetrahedrons, the cages charactenstic ot hqt 19 pe favorable in the case of the experiments on porosils.
1Pl
itgia?ozr?gggtg;etﬁ:gebL;gj;ge?ﬁt‘év:;gst?f r;n(t;)r.]gl’zlgég E&%ﬂ cage Porgsils doped Withzlare dark red and show a strong absqrption
of light over a wide spectral rangé3> Due to the high

repetition rate of 1 kHz. The pulses were delayed relative to concentration of3, considerable transient absorption also takes
each other by means of a Michelson interferometer arrangementplace, giving rise to very efficient reabsorption of the LIF light.
The relative timing between the two pulses was varied with a As the powdered samples are not transparent, a transient
high-precision, computer-controlled actuator located in the path absorption measurement cannot be performed in the common
of the pump laser. Pump and probe pulse were made collinearway. To probe the wave packet motion in the excited electronic
and focused on the sample with the help of an achromatic lens.states, we focused pump and probe lasers on our sample and
The scattered probe light was collected by means of a Cassegrairgletected the probe light which was scattered from th@orosil
telescope, spectrally filtered with the help of a monochromator, composite. The constant background of scattered light was
and finally detected by a fast photomultiplier tube. The change suppressed, and the intensity changes due to the resonant
in the intensity of the scattered light due to transient absorption interaction with the excitedzImolecules were monitored by
was measured using a combination of a lock-in amplifier (locked using the lock-in technique. In our experiments, we modulated
to the chopping frequency 127 Hz of the pump laser light) and the pump laser and then locked to the chopper frequency. For
a boxcar integrator. The transient signal was recorded as aconvenience, we will present the so-measured transients in a
function of actuator position. The+DDR powder was fixed way comparable to the transients obtained by means of LIF

on a small sample holder which could be adjusted inxthg-, detection by inverting the course of the intensity change. The

and z-directions. decrease of scattered light intensity will be shown as an increase
B. Sample Preparation.The hydrothermal synthesis of DDR  of the displayed transient curve.

was performed as follows. In 10 mL (556 mmol) deionizetOH In Figure 2 the potential curves of Which are involved in

was suspended 0.504 g (3.38 mmol) of 1-aminoadamantanethe dissociatiorrrecombination process are displayed. The
After the solution was stirred for 15 min, 0.822 g (22 mmol) equilibrium moleculard absorption spectrum peaks around 500
NH4 F were added and the resulting mixture was stirred for nm and extends to 700 nm. Excitation within this absorption
further 10 min. In the next step, 0.15 mL (3.4 mmol) of 40 wt results in population of the A/AB"'1,(*IT), and B states. For

% HF were added to the homogeneous suspension. Finally, 1.33vavelengths within the red wing of the &bsorption (606

g (22 mmol) SiQ (Cab-osil M-5, Fluka) were mixed into the 700 nm), the A/A states are populated above their dissociation
suspension, whereby all the Si@as added in one part. The limit, while for wavelengths shorter than 600 nm most of the
highly viscous gel was homogenized by stirring for 1 h. population is transferred into the B st&té&8In our experiments,
Thereafter, the gel was filled into a home-built, Teflon-lined the pump pulse at,ump = 535 nm primarily prepares a wave
autoclave (degree of filling 80%). For crystallization, the closed packet within the bound B state. The atoms move apart after
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N R S \ LI = matrixes (5600 cmt).}” Compared to free,) the maximum
* I fon pair &}E\‘k/ ] absorption shifts to lower vibrational levels for equivalent probe
D!

| states wavelengths. For example, at 305 nm, the optimal absorption

g \ % T is centered near the potential minima of the Aftates.
I N 7
a0 - \ -

- ]
- D 4. Results

" ssolvent shift" | . . - -
] In this section, we present the results obtained from a series

of experiments on»l occluded in the porosil DDR at room
. temperature+295 K). Ground-state;Imolecules were excited
] with 535 nm. We will discuss transients taken with probe laser
] wavelengths at 305, 322, 352, and 400 nm which best display
. o : the characteristic changes observed for this wavelength range.
20 — 1 In each transient, time zero was fixed to the time at which the
[ N Pa | ] initial rise of the signal reaches half of its maximum of the signal
AN A N —— ] change due to B state absorption. At each probe wavelength,
—7% 1 we recorded scans over different time intervals with different
7 time delays between adjacent data points. To determine the B
] state contributions short scans with relatively high resolutions
were always used. For each data point we accumulated up to
10 000 laser shots. Each transient measurement was repeated
02' — '2'5 : ; = '3'5' = ';' = '4L5 several times and averaged afterward (up to 10 repetitions). The
) = " ’ transients were taken from different sample spots without
Internuclear Distance / A considerable changes of the transient shapes.
Figure 2. Potential energy curves of Vertical arrows indicate optical In Figure 3 the four transients are displayed. Fgipe =
transitions. A pump laser pulse at 535 nm is used to excite the | 4qg nm, the signal in panel a shows a rapid rise giving the cross

molecule by an optical transition 8- X. Typical probe transitions are - .
shown forApene = 305 nm. The dashed line shows the solvent shift of correlation of the pump and probe lasers. The following

the D' ion-pair state estimated from the experimental results. The thick €XPonential decay has a time constant of 0.33.p5he signal
arrows indicate the predissociation (here, assuming coupling of the B reflects the excitation of the B state and the subsequent decay

state onto the repulsivé atate) and possible recombination paths. due to collision-induced electronic predissociation. We assume
the probe wavelength at 400 nm to be close to the “cutoff
predissociation and recombine due to the solvent cage. Prediswavelength” for detection of the recombined iodine molecules
sociation and recombination within dense solvent cages arefor two reasons: (i) we could not detect a signal after the B
essentially completed within a time on the order of £3&he state was completely depopulated and (ii) only a very small
so-formed molecule undergoes vibrational relaxation, following residual signal remained at early time delays+{30 ps) after
the crossing to the A/Aas well as ground-state X potentials. subtracting the single-exponential fitting curve (thick line in
The probe wavelength determines the window in which the wave panel a of Figure 3).
packet is viewed. In most cases, a longer probe wavelength is From the high-pressure experiméatsie know that for a
equivalent to probing longer distances of separation but might certain pressure the B state population decay is independent of
also result in probing different potential energy surfaées. the probe wavelength. To simplify the transients igipe =
For I,, absorption from the X state is dominated by optical 352, 322, and 305 nm we subtracted the B state contribution
transitions to the B state in the visible to near-infrared region. assuming the decay constant obtained from the 400 nm transient.
In the ultraviolet, absorption to ion-pair states occurs from two As an example we show in Figure 4 the transientfg@gpe =
regions: the stable A/Astate potential well and regions of the 322 nm before (dashed line) and after (solid line) B state
X and A/A' states near their dissociation limits (compare Figure subtraction. The insert displays the uncorrected transient
2). The A and A states have well depths of 1640 and 2500 obtained with a higher resolution (50 fs steps). The B state signal
cm™1, respectively, for free gaseous ioditfe?® The radiative can clearly be resolved. All transients shown in the following
lifetimes of these states in rare gas matrixes are very long in were treated in the same way. This means that only signals due
comparrison to the time scale of our experiments (A state, 143 to the cage effect are displayed.
us; A state, 6 ms§! The vibrational relaxation of molecules Panel b of Figure 3 shows the transient signal obtained for a
that recombine onto the X state potential is monitored best probe pulse centered at 352 nm. The transient was taken over
through the B-X absorptiort In solvents it shifts continuously  a time interval of 100 ps with a step width of 1 ps. The signal
from the near-infrared to its equilibrium peak at 500 nm as the rises to a maximum and slowly decays. At 100 ps, only a small
molecule vibrationally relaxes within 50150 ps’3! The intensity change of the scattered probe light could be detected
branching ratios for ground state versus A and date which vanishes for longer delay times (not shown here). The
recombinations depend on solvent viscosities and are close tosignal rise which starts about-R ps after time zero is due to
1 in each casé the recombination of the iodine atoms (“recombination signal”);
For iodine in Ar clusterd? in rare gas matrixe¥,%and in the decay reflects the vibrational relaxation through the probe
other solvents, such as, e.g., high-pressure raré§dsa red window that is centered at high vibrational levels of Abkd
shift of the LIF emission was observed. This shift can be X states. The B state signal which was subtracted from the
assigned to the lowering of the ion-pair states relative to the transient had an intensity comparable to the remaining signal.
valence states due to solvati#or |, embedded in the porosils, The B state signal detected f@prone = 322 nm only had
we assume that the solvation effect simply decreases theapproximately half of the intensity of the recombination signal
potential energy of the ion-pair states by a value similar to that (compare Figure 3) and that of the 305 nm transient was at the
observed for -Ar,, (4200 cnt1)!4 or I, embedded in rare gas limit of a detectable signal. The signal for 322 nm is displayed

305 nm
305 nm

30

305 nm
305 nm

Potential Energy / 10° cm™’

10

535 nm
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Figure 3. Transients ofdin DDR observed for a pump laser wavelength of 535 nm and different probe laser wavelengihged) 400 nm:

the signal decay due to predissociation of the B state dominates this transient. The fitted line (smooth line) was obtained using the singi-exponent
decaya exp(—kyed). The other panels show transients after subtraction of the predissociative signal. The signals were measured gisisvg (b)

352 nm, (C)Aprobe = 322 nm, and (d¥proe = 305 Nnm. The insert in panel d shows a transient taken with higher resolution to demonstrate the
reproducibility of the feature between 30 and 40 ps. The smooth lines are the results from a simulation of the experimental data with the expression
given in eq 4 (only geminate recombination).

Time Delay / ps

1.0 = This behavior becomes even more obvious/igg,e = 305
o8 nm. Here, the signal decay is very slow and only lasts for
5__‘% 08 | approximately 30 ps. After this, the signal suddenly rises within
o less than 10 ps to a level higher than the first maximum at about
%‘ 06 | “g”oa r - 10—-20 ps. Finally, the intensity change of the scattered probe
g 8" light is found to increase with a small time constant over the
;’j oa L z 08 et whole accessed time range. The 305 nm transient was taken
& go4r with time steps of 0.7 ps. The insert displays a shorter transient
[ co2 | taken with better resolution (0.3 ps) in order to demonstrate
£ E
<z3 02 Soo bl 11 the reproducibility of the “dip” at about 30 ps.

-1 o} 1 2 3 4
H Time Delay / ps . .
00 = ' ' ' ' : : - ' ' 5. Discussion

-5 0 10 20 30 40 50 60 70 80 90 100

Time Delay / ps Comparing the results presented in the previous section with
Figure 4. Demonstration of the subtraction of the signal resulting from results obtained in hlgh-pre§sure rare gﬁ_lsjésyleld§ many
the predissociation of the B state offfom the measured transient ~agreements but also some differences which we will discuss in
obtained for a probe laser wavelengthoe = 322 nm. The experi- the following. If not stated otherwise, for comparison we use
mentally obtained curve is shown by the dashed line. The full line results from the paper by Materny etlalwhich describes
represents the transient after subtraction. The insert displays the“probing along the reaction coordinate and dynamics in super-
expelrlipental transient for early time delays recorded with a better time . itica| argon” for the systemplin Ar at high pressures.
resolution. The fast rise and decay of the “B state contribution” in the
in panel ¢ of Figure 3. Again, the transient is shown over a transients reflects the excitation gfihto its bound B state and
time interval of 100 ps. The resolution was 1 ps per time step. the subsequent decay due to the predissociation. The presence
Similar to the 352 nm transient, the recombination signal rises of the matrix induces couplings between the bound B state and
only approximately 1 ps after time zero and then decays slowly. several repulsive states which cross the B state. These couplings
In contrast to the red-shifted probe wavelength at 352 nm, the are responsible for the predissociation of the excited molecules
signal does not completely vanish after a few hundreds of via different exit channels. Tellinghuis®rassumed that on the
picoseconds but stays nearly constant (or only slightly rises) basis of symmetry arguments th& B(*I1) state is unimportant
after about 50 ps. for predissociation compared to they@Il) and aog* =)
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states. However, recently, Raman studies,af lliquid xenon that no signal arises from X state molecules. As vibrational
yielded results which favor the'B,(*I1) state predissociation  relaxation on the X state takes about 100 ps for the population
channef250This is in agreement with the results of calculations to move out of the probe windo¥;>?rise and decay features
using a coupled quantum classical molecular dynamics méthod. in the transients should have been observed. However, none of
This model predicts that the B,('IT) state plays the most the transients taken in the course of our experiments showed
important role in the nonadiabatic relaxation of the excited B any decay on this rather long time scale. Therefore, we conclude
state. However, at high solvent densities, other states, such ashat, consistent with the work on both matfiand high-pressure

the above-mentioned g3IT) and aog (32") states, can also  system&11X state contributions do not have any importance

play a role in B state deexcitation. for the interpretation of the transients.
Scherer et &5 found in their time domain measurements  Transients displaying predissociation and recombination of
of optically induced dichroism of;lin solution that probe I2 molecules in high-pressure rare gases show a damped

absorptions from predissociative states are first observed atoscillatory modulation of the fluorescence signal, which reflects
approximately 150 fs after excitation by the pump laser. the dephasing of the coherent vibrational motion of the wave

Predissociative absorptions to the ion-pair states are typically Packet. The rare gas collisions induce a dephasing of the
10 times more intense than B state absorptions terminating in coherences. While for He and Ne the coherent motions can be

the same final states. Therefore, in the condensed phase, |observed_up to the highest pressures, no oscillations can be
molecules excited into the B state obviously couple onto detected in Arand Kr at pressures higher than about 200 bar.
repulsive states within hiz B state vibrational period. The “B [N the iodine-porosil system, no oscillatory modulation of the
state contributions” seen in our transients should be termed morefransients could be observed at all. This points to a very efficient
precisely as “predissociative contributions”. As mentioned in dephasing of the coherent wave packet motion due to collisions
the previous section, these early contributions to the transientsWith the surrounding solid cage. Oscillations which were
were subtracted, leaving only the temporal changes due tooPserved in solid rare gas matrixes® as well as in clustet$
recombination dynamics. The subtraction was carried out using &ftér excitation into the repulsive branches of the A#ates

the (appropriately scaled) single-exponential decay which we cannot be obse(ved after pred|_ssomat|on. The coupling of_ the
obtained from the transient obtained figrone= 400 nm (panel B state onto (different) repulsive states followed by caging
a of Figure 3). The assumption that the decay does not depenoobwous'ly destroys the coherence Whlle d-lrect dlesouatlon and
on the probe wavelength seems to be reasonable, especiallj€combination preserve it. For the iodingorosil system,
when one considers the signal to be dominantly arising from experiments with different pump wavel_engths are in progress.
the coupling repulsive states. Usimgexp(—kyed) to fit the To eneble us to compare our expenm_entel results W|_th the
decay resulted in a predissociation riggqof 0.33 ps™. This results discussed in ref 11, a simple kinetic model will be
value is comparable to the value obtained for an Ar pressure considered in the following. This model takes the elementary
between 200 and 400 bar in the high-pressure experiments (0.255teps of the reaction into account. For convenience, the same
and 0.45 psl, respectively). The mean free path phiolecules ~ abbreviations as in the paper by Materny, Lienau, and Z&walil
in argon at 200 and 400 bar is approximately 12 and 4 A, will be used here. As the pump Wavelength.applled in our
respectively. The volume of a porosil cage~i850 A3. Hence, present work malr_1ly results in B state excitation, we neglect
with regard to the predissociation, a comparison between the@diabatic recombination resulting from molecules that are
high-pressure conditions and the solid cages seems feasible®riginally excited into the repulsive branch of the A state. The
Information on the effect of the solvent could also be obtained Nonadiabatic process is described by the predissociation of the
from experiments on iodine in high-pressure rare gases byB_state populat|o_n onto the repl_JIswe states (in the model_we
Lienau et aP1° Comparing different rare gases (He, Ne, Ar, will use “a”_to designate the possmle_ reaction paths), the caging,
Kr), the authors found that the reaction cross section per collision the formation of molecules in the high vibrational levels (A*)
increases drastically with increasing size of the solvent atom. Of the A/A" state potentials, and finally vibrational relaxation
A considerable similarity between the results at liquidiike t© low vibrational levels (A):

densities and those from a study by Capelle and Bpoidaa

pressure of only 4x 1075 bar point to the fact that binary g s o Oy By (1)
collisions are responsible for the bond breaking even at high

solvent densities. The comparison between our results and those_Ielre Quar i the quantum yield of the formation of molecules

obtalned n othe.r.systems (as d'SCqSSEd above) ShOWS .thet M the A/A' states. The function(t) reflects the distribution of
DDR binary collisions also seem to induce the predissociation “recombination times”, whereis the time delay at which the

of the |, molecules. caging takes place. Using picosecond transient Raman spec-
Similar to the findings of the high-pressure experiments, we troscopy, Lingle et af investigated the reaction dynamics of
observed a “cutoff wavelength”. Only up to this limiting probe  jodine geminate recombination on the excitedstate. Compar-
wavelength a signal from recombineg rholecules could be  ing their results obtained for different solvents, they found that
detected. If the probe laser wavelength is tuned further to the the appearance time of the cold vibrational levels of thetate
red, the transient is solely determined by the predissociative js not determined by the rate of vibrational energy relaxation
contribution arising from the predissociation of the originally alone. The vibrational energy relaxation measured was found
excited B state. The cutoff wavelength fereimbedded in DDR  to be significantly slower than that in the ground X electronic
is approximately 400 nm. In supercritical Ar this wavelength state and was shown to be largely dependent on the mass of
depends on the argon pressure and changes 860 nm at  the solvent with slower relaxation occurring in the heavier
800 bar to~380 nm at 2500 bar. Obviously, the red shift of gglvents. However, the rate of formation of thé #ate was
the ion-pair states is close to that observed jeerhbedded in  found to be inconsistent with the solvent dependence of the
rare gas matrixes (5600 crf).’ vibrational energy relaxation, which shows that the mechanism
After subtracting the predissociative contribution from the of geminate recombination on thé gtate may be fundamentally
transients, the recombination signal remains. It can be assumedlifferent than that of the X state. As was argued above, the
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caging onto the ground state in our experiments is unlikely to well as the shift in the probe window. The simulations are shown
influence the transient signal. Therefore, it seemed to be together with the experimental data in Figure 3. WhileAgéne
sufficient to assume a distribution of caging times followed by = 352 nm the fit gives good agreement with the experimentally
a relaxation process yielding vibrationally cool molecules in observed transient, the data measured Wigh,e = 322 and

the A/A' states. In the kinetic modekyr is the rate constant 305 nm cannot be reproduced to our satisfaction. If only the
for vibrational relaxation leading to the vibrationally cold A/A  short-time dynamics (up to about 20 ps) is fitted, the resulting
states. For the interpretation of the transients discussed in therate constants are faster and relatively good simulations can be
present paper, this reduction to a two-level relaxation from hot obtained. However, with these parameters the slow rise of the
A* to cold A is sufficient. The total intensity change of the signal in panel d Apone = 305 nm) is not reflected by the
scattered probe lighil(t) is given by Al(t) = ag[B(t)] + calculated curve.

aa[A*(t)] + aa[A(t)]. The amplitudesag, aa, and ax are These results are very similar to those reported in ref 11.
proportional to the absorption cross sections in B, A*, and A, There, the high-pressure Ar transients also exhibit a slow signal
respectively. The differential equations used for the derivation rise at the blue probe wavelength which cannot be correctly
of Al(t) are described using the narrow distribution of caging times as

. assumed in eq 3. In supercritical rare gases, recombination
[BOI = —kyedB()], [B(1)] = By, [B(t = 0)] =0 occurring on a time scale of hundreds of picoseconds can be
. explained by assuming secondary recombination. lodine atoms
[a(t)] = —kyedB(D] + f_w [B(t)]gaa-ct —t) dt’, break out of the solvent cage and recombine diffusively. Also
[at < 0)] =0 in the clusters, there is clear evidence of extensive cage exit
and subsequent diffusion-controlled recombina#bwhile for
[A*()] = _f_t [BU)]uac(t — 1) dt — kye[A*(1)], l2 in solid rare gases, caging seems to be compfetes
e mentioned in the Introduction, the cages characteristic of the
AN(t=0)]=0 DDR structure are surrounded by three other ones (compare
[AM)] = kyr[A*(D], [A*(t=<0)]=0 (2) panels b and c of Figure 1). Whilgemolecules can only diffuse
from cage to cage very slowly at high temperatures, iodine atoms
As mentioned before, the predissociative contribution was should be able to move to a neighboring porosil cage with higher
subtracted from the experimental transients. Therefore, theprobability even at room temperatures. In rare gas clusters, the
remaining recombination signal can be described by simply average recombination times ranged from 5 to more than 10
using Al(t) = aa-[A*(1)] + aa[A(1)]. For the solution of the ps1®Hence, the internuclear separation of the two iodine atoms
differential equations, we have to define a model function for following predissociation was as great as 9 A. As each cage of
the distribution of recombination timet). In order for the 3 our DDR sample is occupied by ongnholecule, within similar
to re-form, the iodine atoms have to relax through collisions time delays, some iodine atoms are able to enter adjacent cages
with the [SiQy;] framework. In the rigid cages formed by the and react with atoms stemming from differegtrolecules.
[SiO43] tetrahedra caging should be dominated by rapid primary Certainly, such “nongeminate recombination” would be more
recombination as observed for experiments in liquid solvénts. Probable than a geminate secondary caging process. The
Due to the confined size of the cages350 A3), the iodine nongeminate process depends on the probability of the atom
atoms reach an appropriate internuclear separation for geminatdeaving the cage as well as on the probability of this atom finding
recombination without extensive diffusive motion. This means & dissociated molecule (quantum efficiency of B state excitation
that no diffusive process outside the solvent cage results in slowand predissociation). We incorporate this slower caging in our
geminate recombination (“secondary recombination”) of the model by assuming a distribution function for recombination
iodine atoms. Therefore, according to ref 11, we first assume atimes, which is charactericed by two rate constakgsx(and
narrow distribution of caging times, approximated by k_ngein)for geminate and nongeminate recombination, respec-
tively).

t< Atgep,

0,
o= {kgem eXP(Kenft — Atger), ®)

Here, kgem is the rate constant for geminate recombination and
Atgemis the time delay for the onset of geminate recombination.
Using this distribution function, we obtain the following
expression for the signal:

Al(t) =03 exp(_kpreJ) + 0, exp(— I(gemt) + O3 exp(_kVRt)
4)

where the amplitudes;, o2, andos are functions of the rate
constants as well as &tgem aa, andaa. The rate constants
kgemandkyr together withAtgem aar, andaa are free parameters
in the simulations. The transient obtained with a probe

t= Atgep,

wavelength of 352 nm (panel b of Figure 3) was assumed not

to depend on the terian[A(t)]. The signal (intensity change of

ct) =

0, t< Aty

pgerrkgemexp(_kgem(t - Atgen‘))’ AtgemS t> Atngem

pgenrkgem Q)(p(_kgem(t - Atgen«)) +

(1- pgerr)kngemexp(_kngen(t - Atngen))v t= Atngem

(5)

The two contributions are weighted Ipgem and pngem~ 1 —
Pgem Atngem accounts for the expected longer time delay

expected for the onset of nongeminate recombination. The total
signal is now given by

Al(t) = Ky EXP(_kpreJ) + exp(_kgemt) +
K3 €XP(—Kngent) T k4 EXP(—kyrt) (6)

the scattered probe light) nearly decays completely after only wherekgem pgem andAtngemare additional free parameters in
100 ps. Therefore, the probe window obviously does not include the simulation. The comparison between the experimentally

the vibrational cold A/A states (“A” in our model). All free
parameters were fitted globally to all transients except for

observed pumpprobe transients and the simulations using eq
6 is displayed in Figure 5. It is obvious that the consideration

amplitudes, which reflect changing experimental conditions as of the slower nongeminate recombination improves the simula-
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Figure 5. Transients of 4 in the DDR porosil observed for a pump
laser wavelength,umpy= 535 nm and different probe laser wavelengths.
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TABLE 1: Results Obtained by Fitting the Experimental
Transients at All Probe Wavelengths to Eq 8

parameter fitting result
kpred (ps_l) 033

kgem (PSY) 0.13
Kngem(PS™?) 0.049
Pgem 0.9

Atgem (PS) 2
Atngem(pS) 5

kvr (pS™Y) 0.022

@ kored denotes the B state predissociation riggm andk,gemare the
rate constants for geminate primary and nongeminate recombination,
respectivelypgemis the probability for the geminate procegggemand
Atngemare the time delays for the onset of geminate and nongeminate
recombination, respectively. The rate constant for vibrational relaxation
within the A/A states is given b¥yr.

approximately 2 psAtgen) Nongeminate recombination starts
after about 5 ps. The probability for geminate recombination is
considerably higher than that for nongeminate recombination.
This is reflected by the parameigjen for which we determined

an optimal value of about 0.9. The parameters obtained from
the data analysis are summarized in Table 1. Interestingly, the
rate constants for geminate primary recombinatikya.§ and
vibrational relaxationKyr) are both close to those values which
were determined forlin Ar gas between 200 and 400 bar (200
bar, fifée< 0.17 pst, kyr = 0.017 ps?; 400 bar, fe;sg‘ez 0.17
ps i, kg = 0.029 ps?).! This clearly points to the fact that
the mean free path is a determinant parameter for predissociation
(see discussion above), recombination, and vibrational relax-
ation.

Comparing the fitting curve with the experimental transient
obtained for a probe wavelengyone = 305 nm (panel ¢ of
Figure 5), one notices slight discrepancies at time delays
between 30 and 40 ps. Here, in the experimental data, a diplike
structure occurs which is completely reproducible (compare
insert in panel d of Figure 3). Upon a closer look at transients
obtained from 4 in supercritical Ar one finds similar features
at approximately the same time delays. In Figure 6, two
examples are reproduced from data published in ref 11. We do
not have a conclusive explanation for this behavior. It might
be caused by a ground X state contribution, which we rule out;
X state relaxation should take place on a longer time scale. In
our model, the predissociation was simplified by only consider-
ing one repulsive potential. However, as discussed above, three
such potentials might be involved in this process giving rise to

The panels show transients after subtraction of the predissociative signala more complicated distribution of recombination times. A

The signals were measured usingAge = 352 nm, (b)probe = 322

nm, and (CWprobe = 305 Nm. The smooth lines are the results from a
simulation of the experimental data with the expression given in eq 6
(including nongeminate recombination).

tion considerably. This can be best seen from panels b and c

where the general agreement between transients and the fitte
curves forApope = 322 and 305 nm, respectively, is more
accurate than before. The changed fitting function results in only
relatively small changes of the old parameter values. As
expected, both rate constadgm andkyr become somewhat
faster and are approximately 0.13 and 0.022 pespectively.
The rate constankngem for nongeminate recombination was
found to be 0.049 ps, which is clearly faster than the slow
secondary recombination observed in compresseckiggz,(z
0.003-0.005 ps1).11 This rate corresponds to a time constant
Tngem” 20 ps which is exactly the time one would estimate for
the transition of an iodine atom from one cage to the other.
This is also supported by the value obtainedAdgem While

further simplification was already discussed in ref 1. At blue
wavelengths,Jis probed in vibrationally relaxed and intermedi-
ate vibrational levels on the A/Astates with similar weight.
The assumption of a two-level system A* and A with a single-

xponential relaxation rate could be too crude an approximation.

owever, the consideration of the dependence of the vibrational
relaxation rate on the vibrational energy seems not to be
reasonable in our case, as it would introduce too many new
parameters. Therefore, we have to leave this question open for
further investigations.

6. Summary and Conclusions

In this contribution, we report the ultrafast dissociation and
recombination dynamics of, lenclosed in solid cages. The
microporous material used in our study as the “crystalline solid-
state matrix” for the 4 molecules was the porosil decadodecasil
3R (DDR). The cages are formed by corner-sharing [gjO

the onset of geminate recombination is already observed aftertetrahedrons only, resulting in an electroneutral host framework,
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recombination times, characterized by a rate for fast geminate
recombination Kgen). However, with this assumption the
experimental transients could not be reproduced satisfactory.
Since geminate secondary recombination (diffusive recombina-
tion of the atoms after leaving the cage) was likely to be a
negligible process in the rigid cages, nongeminate recombina-
tions with atoms stemming from neighboring cells were assumed
to contribute to the total recombination process. Since adjacent
porosil cages are connected by an opening large enough to
permit free access to iodine atoms, this assumption seems to
be reasonable. Introducing a slower rate for this nongeminate
recombination Kngen) resulted in a good agreement between

simulations and experimental data. The ratio between geminate
and nongeminate recombinations was determined to be 0.9. The
rate constant for the nongeminate process coincides very well
with the mean time one would expect for an atom to move to
the neighboring cell and react with another free iodine atom
(Kngem= 0.049 ps?). The other rateskfreq = 0.33 ps~?, Kgem

I = 0.13 ps?, kyr = 0.022 ps?) are nearly identical to those

i p = 1600 bar observed forJin Ar at 200-400 bar. Again, this seems to be

I kprobe =300 nm reasonable as the mean free path under latter conditions is about
the same as that within the DDR cages.

To support our model, further experiments are planned.
Additionally, quantum mechanical calculations on the predis-
sociation and recombination dynamics are in progress. As many
different zeosil topologies are known, further experiments will

Figure 6. Transients ofdin compressed supercritical Ar at different 5|50 focus on the dependence of the reaction dynamics on the

pressures observed for a pump wavelergth, = 620 nm and different . . . .
probe wavelengths. Pressures as well as probe wavelengths are indicateerecIsely defined geometries of these host materials.

in each panel. The feature which is discussed in the text is emphasized
by circles. The figure reproduces data already published in ref 11.
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