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The statistical theory for sudden cage-€Xit Zoval and V. A. Apkarian, J. Phys. Che@8, 7945

(1994 ] is extended to orbitally degenerate photofragments, specifically treating the case of F atoms
in solid Ar and Kr. It is shown that the experimental energy-dependent quantum yields of
photodissociation of fare only compatible with thp hole on the F atom being completely aligned
parallel to the cage wall during the sudden exit. Although relative quantum yields and energy
thresholds are well predicted, the calculated absolute quantum yields are a faetbsofaller than

the experimental values. @995 American Institute of Physics.

I. INTRODUCTION crystalline Ar and Kr hosts, yiel@®~1 at E,.=2.4 eV}?
Photodissociation products are generally open-shell frag-
The many-body dynamics of open-shell fragments, withments and, therefore, with the exception ®fstates, their
orbital degeneracy1>1), cannot be described by a single dynamics will be determined by forces acting on anisotropic
potential-energy surface. In effect, the Born—Oppenheimecharge distributions. In the examples sited, we note that at
separation between electronic and nuclear degrees of freeemparable excess energies, while the photodissociation
dom breaks down, and it is necessary to consider the couplaglantum yield of @ is negligible, NO and Q dissociate
electronic nuclear motions in describing processes relevantith near unit probability in a variety of hosts. This differ-
to chemistry. The cage-exit dynamics of an F atom in rareence can be ascribed to the nascent electronic state of the O
gas solids represents the simplest possible case to considgoom: Q°P) in the case of photodissociation of,Oand
such an effect. Given the small spin—orbit splitting in F at-O('D) in the cases of Q@and NO. The dramatic difference
oms, as compared to photodissociation energies, the multbetween potential energy surfaces of‘) and G°P) in
plicity of electronic surfaces can be reduced to a descriptiomare gas hosts has already been discu§SEitst, in rare gas
of the alignment of the-hole relative to the atomic coordi- solids QD) is much smaller than GP). Based on pair
nates. In this paper, we consider the effect of orbital alignpotential minima, which is a consideration useful for estab-
ment on photodissociation quantum yields, and conclude thdishing the stability of final states, @) is more than 1 A
the experimental energy dependent dissociation probabilitiesmaller than @*P).!® Based on repulsive walls of pair po-
are only consistent with full alignment. The analysis is basedentials, which is a consideration crucial to the cage exit
on the statistical treatment of sudden cage-exit probabilitiesgynamics, aEq,cess-2 €V, on its'S, surface @'D) is ~0.5 A
which was recently advanced for the treatment of photodissmaller than @P) on its °II surface'® Moreover, consider-
sociation of hydrides. ation of global surfaces shows that the minimum energy
Dissociative excitation of small molecules isolated in paths between two stationary points in the lattice are quite
rare gas solids, at excess energies of several eMifferent for the two electronic surfacésSimilar consider-
(Eeyces=hw—Dy), leads to a wide range of behaviors—from ations would seem to apply for sulfur atoms. The observation
complete caging to near unit dissociation quantum yieldsof the S+H, channel in the photodissociation of,$l has
Among examples which have been reported to show combeen attributed to production of*®).1! The photodissocia-
plete caging are CHil (Ref. 2, ICI (Ref. 3, Cl, (Ref. 4, Br,  tion of OCS, which proceeds via(®) leads to permanent
(Ref. 5, I, (Ref. 6, ICN (Ref. 7), and G (Ref. 8. While  production of sulfur atoms, while in the case of S&hich
“complete caging” is seldom quantified, upper limits of pho- proceeds via 8P), the permanent dissociation is dominated
todissociation quantum yield®, have been established in a by the S channel(presumably G-S,).1® This strong depen-
few of these cases. As an example, in the case pisGlated dence on the particular electronic state of a given atom is not
in Ar, at an excess energy of 1.5 e¥<107°° In contrast, too surprising. Nevertheless, few systems have been rigor-
facile photodissociation accompanied by permanent separausly treated with respect to the coupling between electronic
tion of photofragments is observed in cases where the phand nuclear degrees of freedom.
toproduct is a “small” atom, i.e., where the photoproduct- The first molecular dynamics simulations using multiple
host potential has a short interaction range. Photodissociatiaglectronic surfaces, allowing for nonadiabatic dynamics, was
of hydrides and, in particular, J® (Ref. 10 and HS (Refs.  presented by Gersonde and Gabriel in their treatments of
1 and 11 to produce interstitial H atoms, photodissociation HCl and C}, photodissociation in rare gas solitfsEffects of
of F,, (Refs. 12 and 18 photodissociation of O (Refs. 8  nonadiabaticity on thermal motions of F atoms isolated in Ar,
and 14 and Q, (Ref. 15 to produce atomic oxygen, and and in simulations of the AF radiative dissociation were
OCS to produce atomic sulfufRef. 16, are among the ex- discussed more recenfly.In these treatments, although pair
amples that belong to the second category. Among these, tlmtentials are used, the assumption of pairwise additivity is
most facile photodissociation is observed for which, in  no longer made: the interaction Hamiltonians are limited to
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the I=1 basis set on the halogen atom, and expanded in dence of potential energy surfaces on orbital alignment as
diatomics-in-moleculegDIM) sense using the known gas well. We construct such a model for F atoms in solid Ar and
phase pair potentials with the neglect of spin—orbit interacKr, and based on the experimental energy dependent quan-
tions. The same approach, with the inclusion of spin—orbitum yields of dissociation of £ dwell on the implied extent
terms, has been successful in reproducing the experimentaf orbital alignment during the sudden dynamics of photo-
spectra of | atoms trapped in solid Kr and Xe in the adiabatigissociation at excess energies of several eV. Despite the
following limit.?* This, and simulations of site specific emis- simplifying assumptions made in the statistical treatment,
sion spectra of S)—O('D) transitions in the same firm conclusions can be reached about this issue.
solids!” have shown that with only minor modifications to
pair parameters the energetics of open-she!l atoms at stabllle'z THE STATISTICAL PROBABILITIES
trapping sites are adequately treated. A similar gauge of ac-
curacy does not yet exist for treatments of dynamics where Permanent photodissociation of a diatomic in a solid is
the requirements on assumed potentials are more stringemjontingent upon separation of the photoproducts by cage-exit
since entire surfaces including nonstationary points, such asf at least one of the fragments. For a substitutionally
saddle points and potential barriers are required. Photodiss@rapped parent molecule, in a crystalline fcc lattice, for dis-
ciation experiments can serve as a probe of such surfacesopciation, minimally, the ejection of a photofragment to the
and can be used as models to develop a better understandingarest interstitial octahedral site is required. This is illus-
of the relation between many-body and pair interactions. trated in Fig. 1. The minimum energy path to such an inter-

The photodissociation of Fhas been studied experimen- stitial site involves passage through one of the faces of the
tally in free standing rare gas crystals, providing data oroctahedron, which is constructed by three mutual nearest
guantum yields of dissociation as a function of excesmeighbor atoms of the host latti€Eig. 1(b)]. This is also the
energy*?> 31t has also been shown that at 4.5 K, dissociationplane that contains the potential barrier along the minimum
probabilities are twice that at 12 ¥.This has been taken as energy path, and constitutes the cage wall through which the
evidence of direct dissociation via cones of cage exit; at lonatom must exit. The potential-energy surfaces in this plane
temperatures the molecules orient along the exit cone, whilare determined by the instantaneous positions of the lattice
at higher temperatures due to nearly free rotation of the molpoints, and the interaction potential between the projectile, F
ecule, the orientational bias is lost. Beside facile dissociatioiin the present, and the rare gas host atoms. Explicit account
long-range mobility of F atoms has been demonstrated andf the dependence of this interaction on the electronic coor-
quantified!? The system has also been studied by moleculadinate,r, of the F atom is necessary. The potential energy
dynamics simulation&?223The first such classical simula- contours for perpendicular and parallel alignment of the or-
tion relied on a pairwise additive potential, using the lowestbital as it approaches this plane are illustrated in Figs) 1
energy RgFK) pair potentia? The simulations were in and Xd).
good qualitative agreement with experiments, predicted the  Limiting ourselves to the three rare gas atoms that con-
temperature dependence subsequently observed in expesiitute a cage wall, with coordinaté relative to the F atom
ments, and reproduced the observed long-range mobility gposition, and ignoring spin—orbit terms, the electrostatic in-
atoms subsequent to dissociation. Quantitative agreemetgraction
Wlth observed quaptum yields was obtained when the results Hin=Ve_rdT:R1,Rz.Rs) 1)
of simulations carried separately on the RgFand RgFQ)
pair potentials were averagé¥Despite thead hocnature of ~ ¢an be most generally evaluated by expanding it in Legendre
this treatment, it clearly indicated that a strictly classical,Polynomials. In the limitedy; (i=x,y,z) basis set on the F
single surface simulation is inadequate for describing thétom, only two terms contribute to this expansion:
many-body dynamics of systems containing open shell frag- 3 R
ments. Hini= 2 [Vo(R))+V2(R)Pa(R;- )] )

The large photodissociation quantum yields gf Ehe =1
observed control of exit on molecule-lattice prealignment,n which V, and V, refer to the isotropic and anisotropic
and the approximate classical simulations of this system abomponents of the F—Rg pair potenti%ﬂsThe interaction
indicate that the cage exit of F atoms is dominatediayden  potentials can then be obtained as expectation values over
exitdynamics: exit over the cage potential barriers, withoutthe electronic distribution, by diagonalizing thec3 Hamil-
significant distortion of the lattice. A statistical model valid tonian with elements
in this limit, and consistent with the main experimental find-
ings, was recently presented for the analysis of photodisso- Vij=(pj[Hin i) &)
ciation probabilities of hydrides in rare gas solid es-  In the Dy, symmetry of attack, two eigenvalues arise: one
sence, the model treats photodissociation as an experimentfior perpendicular alignment of thp-hole relative to the
scattering from withinthe solid. Cage-exit probabilities are plane of the wall, and one for parallel alignment. We refer to
then determined by the molecular orientation relative to theéhese surfaces ag andV,. At lower symmetries tha sy,
cage windows and the energy dependent window cross seeigenvalues of the parallel alignment will further split; we
tions which are properly weighted by distributions arisingwill retain the lower of these values throughout our discus-
from lattice fluctuations. In the case of orbitally degeneratesion. The equipotentials for these two alignments, for an F
open shell fragments, it is necessary to consider the depeatom at the wall in solid Kr, are also illustrated in Fig$c)1
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FIG. 1. (a) Reaction coordinate: The rare gas unit cell is shown with a substitutionally tragpedl€cule. The arrow shows the minimum energy path of
dissociation, which passes through a potential barrier occurring in the plane of the octahedron constructed by the three mutual nearest-neighbor rare gas atoms.
(b) The potential barrier along the reaction coordinate is subject to a distribution due to the distribution in the positions of host atoms effected by thermal and
zero-point fluctuations. The potential-energy surfaces on the dividing plane are shown as equipoteiitiaiafatiel alignment of the hole with the plane;

(d) perpendicular alignment of the hole with the plane. The data are for F—Kr, for the equilibrium structure of the lattice.

and 1d). The re_quir_ed pair potential input¥y andV,, are Vp,=2Vs(d/2)+Vy(dv3/4). (5)
taken from Aquilantiet al. and are based on gas phase scat-
tering daté* The evaluation in Fig. 1 is for the equilibrium
geometry of the lattice. Thus the cage-exit barrier heights can be directly estimated
The differences betweeN, and V, surfaces deserve from the known pair potentials, using Eqd) and (5). We
some consideration. The minima of these surfaces constitutgote that these evaluations are approximate, since they do
the potential barriers/,,, along the minimum energy path to not include summations over all lattice points. However, this
be traversed by the exiting atom. For the equilibrium geom-approximation is not too serious, since we are concerned
etry of the lattice, the barrier heights avg , =1.6 eV and  with differences in potentials between trapping sites and bar-
Vy,=0.6 eVinAr, andV, , =2.4 eV andvy, ;=0.7 eV inKr.  rier heights, and the infinite summation is present in both.
This difference in barrier heights is due to the anisotropy ofThe relevant surfaces are dominated by differences in the
repulsive walls of potentials which are amplified by the short range part of interactions.
cramped threefold coordination. The potential-energy surface Under the assumption of a random initial orientation of
topologies are quite different for the two alignments. In thethe molecule relative to the cage wall, for a fixed geometry
case of perpendicular approach, where the electron density & the wall, and for a particular alignment of tipehole, the
maximized in the plane of the wall, the potential-energy barfrobability of sudden exit of an atom with enerdy is
rier occurs in the middle of the triangle. Here, in terms of theequated to the transmission coefficienk(E,V,) =window
nearest-neighbor distancd, (side of trianglg, the barrier area/wall area. The area of the window is defined by the
height is given as equipotential at, while the area of the wall is that of the
triangular face of the octahedron. These quantities are clearl
Vb, =3Vn(dv3/6). @ depegndent on the wall configurations, orqequivalently on they
In the case of parallel alignment, the minimum occurs at thalistribution of positions that arise from thermal and zero-
insertion site between a pair of nearest neighbors. In theoint fluctuations of the lattice. Taking this distribution into
insertion site, the barrier height is given as account, the single trial exit probability is given as
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Vp=E tical photodissociation experiment. Note reaches a value
$(E)= fv L k(E,Vp)P(Vp {Ri})dV, (6)  of ~0.3, therefore, in a single trial, exit probabilities cannot
& exceed this value.
which is the main result of the statistical model for sudden  Given analytical expressions fot(E,Vy) and P(Vy),
cage exitt Here, we explicitly indicate the fact that, is a  the cage exit probabilities can be evaluated for each align-
function of the positions of the wall atoms and, hence, thement, the results are shown in Fig. 4. Expressions for mul-
distribution in barrier heights is strictly due to the distribu- tiple trial exit probabilities, which are quite significant for
tion in lattice positions. The latter is taken into account bythe case of H atoms, have been given and discussed. For
considering the Symmetric vibrations of the wall, as th% Rg binary collisions with Stationary host atoms, the fractional
harmonic quantum oscillator in equilibrium with its thermal energy loss per collision averaged over scattering angles is
bath. In the limited amplitude range of such vibratiol, ~ given asAE/E=2mM/(m+M)?. For F atoms in Ar and Kr,
can be expressed as an exponential function of the vibrahis predicts 44% and 30% energy loss per collision, respec-
tional coordinate, and hence distributions in position can béively. Thus, the atom can only have several attempts at cage-
analytically inverted to a distribution in barrier heights. The eXit before its energy drops below the threshold of the barrier
calculated and exponential fits ¥4, | andV,, , are shown in height distribution. The validity of this kinematics could be
the insets in Fig. 2, as a function of the internal coordinate ofnore rigorously tested by molecular dynamics simulations,
the F—Rg complex,q, which is defined as the distance from the existing simulations show that indeed cage exit is limited

the center to apex of the triangle. The resulting barrier heighto the first few collisions with the lattic&?° Defining y=1
distributions can be expressed analytically as —AE/E, the multiple trial exit probabilities can be computed
rather directly as

p(q,T) n
P(Vy,T)= dv,/dq’ (78 <I><E>=]Zl [,(E)], ©9
P(Vb,T)=;exp[— : In(—) n-1
(MEBVy “TL LB TI3A ¢1<E>=(1—Z cbi(E))cb(y“-l.E)—gqa(yn,E),
+0o 2 / 52), (7h) (9b)
wheren is the number of trialsp=<3. The predicted quantum

and are shown in Fig. 2, and the parameters are collected ¥{€!ds of cage-exit of Eq(9), are also shown in Fig. 4. These
Table I. p(q,t) is the Gaussian distribution of positionsis ~ Probabilities show a steeper energy dependence near thresh-
the width of the distribution of positionsy, is the equilib- ~ ©!d, and reach a saturation limit50% larger than the single
rium distance of rare gas atoms as measured from the cental probabilities. Note that the efficient energy loss in this
of the triangle of the rare gas atdmand A and 8 are the ~ SyStem a!so |mpl|es_tha}t_ the relative m.ollelcule—wmdow orien-
preexponential and exponential values from the fitvgf, tations ywll have a S|gq|f|cant effect. If.|n|t|aII.y the F at'om is
andV, , (see insets to Fig.)2 The distributions, althoiJgh locked into an orientation that res_ullt.s in a Q|rect hit with one
evaluated at 15 K, are quite broad due to the highly repulsiv@f the cage atoms, such that the initial trial is doomed to fail,
nature of interactions in the plane of the wehaded area in then cage-exit probabilities will be reduced by50%. If
insets to Fig. 2 The distributions for different alignments tightly oriented toward a window, then a transmission coef-

are energetically distinct, and should therefore, be distinficient larger than statistical will _be in effect._The experimen-
guishable experimentally. tal temperature dependent studies gfissociation have al-

The transmission coefficient in Eq. (6), can also be ready shown this strong orientational effétiat T>12 K,
expressed analytically. In Fig. 3 we shawior the full range the molecgle is .presurr_1ed to be a ne_arly free rotor, and there-
of amplitudes of the vibrational fluctuations of Rdor both ~ fore no orientational bias on dynamics is to be expected.
perpendicular and parallel alignments. When plotted vs a re-  Quite clearly, the sudden exit model will be limited in its
duced energy abscissg* = (E—V,)/V,, it can be seen that, applications to small atoms,. or systems with Iarget. low
to a good approximation, the transmission coefficients can bXCESS energy. In fact, consideration of the energetics makes
expressed as a single analytical function, independent of thié OPvious that already in the case of Cl/Xe the model will
vibrational amplitude of the Rg A different function is re-  Preak down. To see this we proceed in the same fashion as
quired for each alignment. The following forms were used®@rlier to generat®(Vy) for Cl cage-exit as would be ex-

for fitting the transmission coefficients: pected in the case of £or ICI dissociation. To this end, we
rely on the anisotropic pair potentials of Acquilaeti al?®
K(E,Vp ) =a+ be E*/cyde B/, (89)  Figure 5 shows(V,) to have a threshold near 6.5 eV and,
in fact, for the perpendicular approadty is of order 20 eV.
k(E,Vp,)=a+be E/e, (8)  Atthese excess energies, a projectile may “push” the cage

atoms, opening its own window. This system has been stud-
the parameters for these fits are also collected in Table ied both experimentally, and by molecular dynamics
These fits are made fd@&* =0-5, which corresponds to total simulations?®2” Although the simulations are carried out on
excess energies up to 4 eV, for the parallel case, and 15 e¥ single surface, the experimentally observed energetic
for the perpendicular case and, therefore, valid for any practhreshold, which is also in agreement with the oriented at-
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FIG. 2. Barrier height distributions for parallel and perpendicular alignment opthele.(a) F in Ar; (b) F in Kr. For each case in the inset the calculated
potentials forV, andV, are showrnEgs.(4) and(5) in text] plotted vsq (center to apex of the triangleThe shaded regions correspond to the thermally
accessible, relevant amplitudesafvhich is used in the calculation of distributions.

tack, of ~6.5 eV is reproduced. The trajectories at these andll. DISCUSSION

higher energies show significant dislodging of the host at-

oms, implying exit over potential barriers that are “carved  The statistical treatment presented is for cage-exit of F
out” by the exiting atom. atoms, as a function of energy. The relevant experiments are
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TABLE I. Curve fit parameters. 08 F
07 E
Ar Kr i
06 [
V,, parallef A (eV) 5486.8 32616 05 E
BA™Y 4.1552 4.6196 E
V,, perpendiculdr A (eV) 5663.2 14634 S04
B A 3.7621 3.7362 03 F
p(q,T)P do (R) 2.174 2.327 oz
position distribution LR 0.0806 0.0651 T
K (E,V,), parallef a 0.2485 0.5684 01 f
b —0.2497 —0.5596 o E
[« 3.2631 3.6896
K (E.V}), perpendiculdr a 0.4149 0.6414 Energy (eV)
b 0.2304 0.3890
c 9.3387 6.8619  F|G. 4. Quantum yields of F atom exit, in Ksolid line9 and Ar (dashed
d -0.1914 —0.2507  |ine9) at 15 K vs excess energy. The single trial probabilitiég, and the
f 0.5440 0.2798  multiple trial probabilities®, are shown for each alignment case.

#Parameters of exponential fits ¥f, used in Eq(7a) of text.
bParameters of distribution of position, used in Egp) of text, taken from . . o )
Ref. 1. comparisons with the present predictions. The experimental

*Parameters of curve fit to transmission probability in Egs) and(8b) of  dat£?3 are shown in Fig. 6, together with the theoretical
text. predictions. Two linear ordinates are used in this presenta-
tion, the right ordinate is the experimental quantum yield

conducted on Fisolated in free standing crystals of Ar and While the left ordinate is for the theory. They are scaled by
Kr, as a function of excitation energy. We proceed with the@PProximately matching the plateaus. It can be seen in Fig. 6
assumption that the initial excess energy is equally dividednat: With the exception of the absolute values of quantum

between the two F atoms, and ignore possibilities of energyi€!ds, the data are reasonably well reproduced by the theo-

exchange between the two photofragments. Accordingly, waetical predictions under the assumption that the atoms are

divide the experimental excess energy by two in makingfu"y aligneq pargllt_al to the cage wall during exit. Both the
observed dissociation thresholds, and the energy dependence

of quantum yields are well reproduced. It is noteworthy that

0.50 ——— in the case of Kr, the experimental quantum yields reach unit
fa ] probability prior to opening of the perpendicular alignment
040 I ] channel. This strongly suggests that independent of initial
] orientation of the hole, the torque exerted by the anisotropic
S 030 F ] F—Rg potential is sufficient to realign the hole by the time it
% reaches the cage wall. If there were any contributions from
020 perpendicular alignment, then we would not observe unit
010 ks 1 quantum yields at these energies. Since the molecule-cage
] orientations are randomized by the nearly free rotations of
oo B v e F,, photodissociation will then create the F atom on either of
0.0 1.0 2.0 3.0 40 5.0 the perpendicular or parallel adiabatic surfaces initially.
(E-VOV, Complete alignment therefore implies that nonadiabatic
0.30 : e : switghing of surfaces occurs prior to reaching the cage-exit
b ﬁ barrier.
0.3 -
~5 0.2 -' -f
> ]
o - 3
0.0 1.0 2.0 3.0 4.0 5.0 ]
(E-Vb)/Vb 01 | 3
FIG. 3. Transmission probability(E,V,), as a function of reduced energy, ] E
E*=(E—V,)/V,, for parallel and perpendicular alignment of thehole. 0
(a) F in Ar where the nearest-neighbor distances of the Ar atoms are square 0 5 10 15 20 25 30
=3.9 A; circle=3.8 A; diamond=3.6 A. (b) F in Kr where the nearest- Energy (eV)

neighbor distances of the Kr atoms are squatd A; circle=4.0 A;
diamond=3.9 A. For each case the analytical fit#dEqs. §a) and &b) in FIG. 5. The normalized barrier height distributions versus excess energy for
text] are also shown. Cl atoms in Sid Xe(at 15 K) for parallel and perpendicular alignment.
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atoms, in the case of F in Ar and in Kr, significant momen-
tum transfer occurs during the collision with the cage atoms.
This, in effect, would lead to opening of windows where
there was none in the thermal distribution of lattice configu-
© rations, leading to transmission coefficients larger than pre-
dicted by the sudden limit. Finally, the assumption of iso-
lated binary collisions in calculating multiple trial
probabilities is somewhat suspect. We may expect deviations
from this to lead to a significantly larger effective mass of the
host, therefore less efficient energy loss of the projectile than
assumed. The latter would lead to an increase in the number
of trials and, therefore, to larger probabilities than computed.
The fact that each of these contributions—the potentials, ori-
entational bias, and dynamical contributions to window cross
sections—will all lead to larger quantum yields than pre-
dicted, implies that none of these corrections alone would
change the general picture, that the orbital is fully aligned
o during cage-exit.

It is possible to surmise that the aforementioned conclu-
sions are not unique to F atoms. In fact, given the similarity
of experimental observations in the case ¢t cage-exit,
large quantum vyields and a strong temperature
dependencé"!® we expect the present model modified to
treat the two-hole atom should be valid. The model is, how-

0 1 2 3 4 5 ever, clearly inadequate in the case of larger atoms. Already
Energy (eV) in the case of Cl, although energetic thresholds can be pre-
dicted, transmission coefficients are too small to rationalize
FIG. 6. Comparison of the theorefically predicted quantum Yields,oy,,  observed experimental behavior. In cases where excess ener-
(the left-hand ordinajewith the experimental quantum yielde,; (the . . . L
right-hand ordinate The plateaus ofDyeor, and de,,, are approximately gies of ma.ny eV are requwed to reach d'SSOC'at'O_n thresh-
matched, showing a factor of 2 difference in the ordinates. Thg,, of  olds, the window opening by momentum transfer will play a
phqtodissociatiorj for both parallel and perpendicular alignment are alsgrycial role in dissociation probabilities.
indicated: (3 F in Ar; (b) F in Kr. As already mentioned, classical molecular dynamics
simulations using single potential energy surfaces have in the
case of 5 and C} dissociation yielded nearly guantitative

There are several possible origins of the discrepancy bea’ggreement with experiment&232'The reason for this suc-

tween predicted and observed absolute quantum yields. Th

: ; - . é:ess seems now understandable. The initial simulations as-
most obvious is that the description of potentials, base - o :
- sumed a pairwise additive RgK) surface, effectively as-

strictly on pair interactions and limited to the covalent bas'ssuming a3 pair interactior?? Note, this is not realizable

set, is a poor approximation in the cage barrier region. We . . . :
expect that in these tight geometries a significant admixtun?ven if one were to assume fully adiabatic dynamics. At the

from Rg"F~ charge transfer configurations will contribute to _r?nsm?n staf[e,tln :jhe ftrt\rr]ee atom plgne, f[h'ts ylefllc.ishﬂ?etih
the interactions. This would lead to reduction of interaction'’ ¢ actons, instéad ot the proper eigenstate, which for the

potentials, and to enhancement of transmission coefficientdNMuM yields Eq.(_5) (_tWO 2 interactions with the nearest
k, leading to exit probabilities larger than predicted. In treat-atoms and dl contribution for the furthest atomNot sur-

ing charge transfer states of halogens in rare gas matriceBrsingly, the simulations yielded larger probabilities and
the diatomics-in-moleculegDIM) type surfaces have been lower threshold.energ.les than_opservgd. The subsequent im-
constructed previousf? It would be quite informative to test Provement of simulation predictions is somewhat mace
the results of such an expanded basis set on the predictioR9C~ Simulations were separately carried out on the
of the present model. RgF(A) surface, which id1 in character. At the barrier, this
Assuming that the potential surfaces are of acceptabl@ould be exactly that of Eq4), i.e., the high energy eigen-
validity, and not withstanding the obvious approximationsstate of the system. Clearly, dissociation probabilities are
made, the discrepancy between experiment and statisticBearly zero for this case in the energy range of inte(@S$i-
model would be indicative of dynamical biases. PreferentiaR-5 €\). By averaging the results of these independent simu-
orientation of the molecular axis toward the exit window lations, neither of which individually represents dynamics
would lead to larger exit probabilities than the purely statis-over a realizable surface, brings about the quantitative agree-
tical assumption. The temperature experiments indicate thament between experiment and simulatfdhe quantitative
at 15 K it is safe to assume thas 5 orientationally isotro- agreement must be regarded as fortuitous, since the simula-
pic. A more significant consideration is that a strictly suddertions are for qualitatively different physics. The methodolo-
limit is not valid in the present case. In contrast with H gies for carrying out multiple surface dynamics without as-

uswladxs

05

theory
uawpadxe

01 |

Downloaded-12-Feb~2004-t0~128.200.4 21 &DeMRMSYAL 103 Mol B2 IR eREMBRL ARBight, ~see-http:/jcp.aip.orglicp/copyright.jsp



4952 K. S. Kizer and V. A. Apkarian: Cage-exit of photofragments

sumptions of adiabaticity exist, and would be quite useful if 4v. E. Bondybey and C. Fletcher, J. Chem. PH4. 3615(1976.
applied to this model systef:?° SV. E. Bondybey, S. S. Bearder, and C. Fletcher, J. Chem. Ridy$243
(1976; P. Beeken, M. Mandich, and G. Flynn, J. Chem. P6.5995

1982; M. Mandich, P. Beeken, and G. FlI ,J. Chem. P .702
V. CONCLUSIONS Elggg, andic eeken, an ynn em. P&

; P ; : 6p. B. Beeken, E. A. Hanson, and G. W. Flynn, J. Chem. Ph§s5892,
We conclude that the photodissociation of is domi- (1983; R. Zadoyan, Z. Li, C. C. Martens, P. Ashjian, and V. A. Apkarian,

nated by F atom exit over potential energy barriers provided chem. phys. Let218 504(1994; R. Zadoyan, Z. Li, C. C. Martens, and
by the cage walls. A process dominated by sudden exit dy- V. A. Apkarian, J. Chem. Phy<.01, 6648(1994.
. . .7 .

namics as far as the nuclear motions are concerned. DespitdR: Fraenkel and Y. Haas, Chem. Phys. L@tt4 234 (1993; 226 610
the sudden nature of this cage exit, at. excess energies Qly G| awrence and V. A. Apkarian, J. Chem. Phgg, 2229(1992; A.
several eV, the torque exerted by the anisotropic atomic po-yv, panilychev and V. A. Apkarianibid. 99, 8617 (1993.
tentials is sufficient to fully align the@ hole on the F atom  °M. E. Fajardo, R. Whitnall, J. Feld, F. Okada, W. Lawrence, L. Wiedeman,
during the~10"*3 s required to reach the cage wall. Since ,,2"d V- A- Apkarian, Laser Chen, 1 (1988
the initial orientati ted by th hotodi iati R. Schriever, M. Chergui, and N. Schwentner, J. Phys. Chem. Bbys.

€ Initial orientations created Dy the photodissociation pro- gy54(1991); R. Schriever, M. Chergui, O. Unal, V. Stepanenko, and N.
cess are random, we must also infer efficient nonadiabatic schwentner, J. Chem. Phyg1, 4128(1989; 93, 3245(1990.
switching between the perpendicular and parallel adiabati¢'J. Zoval, D. Imre, P. Ashjian, and V. A. Apkarian, Chem. Phys. L9,

; ; _549(1992.
potential energy surfaces. This model system could be furle_ Kunttu, J. Feld, R, Alimi, and V. A. Apkarian, J. Chem. Phg, 4856,

ther exploited. Ultrafast pump—probe experiments with po- (1999; 3. Feld, H. Kunttu, and V. A. Apkariariid. 93, 1009(1990; H.
larization selection can, in principle, provide a direct obser- Kunttu, E. Sekreta, and V. A. Apkariaibid. 94, 7819,(1991).
vation of orbital reorientation, as outlined in recent studies of ’H- Kunttu anddV- A. Apkaria;. Cherr?. Phys. L(em;, 423(1990.

29 o ; ; E. T. Ryan and E. Weitz, Chem. Phyi89, 293 (1994.
caging: Simulations that treat cpupled electromc_nuclearwA.V. Benderskil and C. A. Wight, Chem, PhyE89, 307 (1994 J. Chem.
motions on an equal par, are required for the analysis of suchppys 101, 292 (1994.
data. 163, Tanaka, H. Kajihara, S. Koda, and V. A. Apkarian, Chem. Phys. Lett.

The above conclusions are based on the statistical theorlyii%%/ 535 (%993- 4. A, Apkarian, J. Chem. Phyt00, 5556(1984

. H H . V. Danllychev an . A. ApKarian, J. em. .

of sudden cage exihich, although approximate, reproduces i1y i nning, Jr. and P. J. Hay, J. Chem. PI8.3767(1977; 74, 3718
the observed relative quantum yields of dissociation and (19gy).
seems to account for the main features of the underlying’l. H. Gersonde and H. Gabriel, J. Chem. Phg8, 2094 (1993; I. H.
dynamics. The present model is limited to the case of smauogef;(”l‘de' g- HBe”g'“%- and '3- Safr'fdqul 95(:55(199;‘; o 261
photofragments which show large quantum yields of disso- 1'992' ov. R. B. Gerber, and V. A. Apkarian, Chem. PhyE8s,
ciation at low excess energies. Comparison of such models @, G. Lawrence and V. A. Apkarian, J. Chem. Phy81, 1820,(1994.
detailed observations can serve as the basis of establishiftR. Alimi, R. B. Gerber, and V. A. Apkarian, J. Chem. Ph@2, 3551

dynamical biases, and the development of models that gg(199- _
R. Alimi, R. B. Gerber, and V. A. Apkarian, Phys. Rev. Lef, 1295

beyond the sudden limit. (1991,
24y, Aquilanti, E. Luzzatti, F. Pirani, and G. G. Volpi, J. Chem. Phgs,
ACKNOWLEDGMENT 6165(1988.

25y, Aquilanti, D. Cappalletti, V. Lorent, E. Luzzatti, and F. Pirani, Chem.
This research was supported under a grant from the U.S.phys. Lett.192 153(1992.
Air Force Office of Scientific Research AFOSRF49620-1-°°J. G. McCaffrey, H. Kunz, and N. Schwentner, J. Chem. PBgs2825
0251 (1992; 96, 155(1992.
) 2R, Alimi, R. B. Gerber, J. G. McCaffrey, H. Kunz, and N. Schwentner,
Phys. Rev. Lett69, 856 (1992.

1J. Zoval and V. A. Apkarian, J. Phys. CheB8, 7945(1994. 28|, Last and T. F. George, J. Chem. Ph98, 8925(1990); 86, 3787(1987;

2L. E. Brus and V. E. Bondybey, J. Chem. Ph$&, 71 (1976; Chem. I. Last, T. F. George, M. E. Fajardo, and V. A. Apkariabid. 87, 5917
Phys. Lett.36, 252,(1975. (1987.

3V. E. Bondybey and L. E. Brus, J. Chem. Phg§, 620(1979; 64, 3724  29Z. Li, R. Zadoyan, V. A. Apkarian, and C. C. Martens, J. Phys. Chegn.
(1976. 7453(1995.

Downloaded-12-Feb~2004-t0~128.200.4 21 &DeMRMSYAL 103 Mol B2IReREMBRL ARBight, ~see-http:/jcp.aip.orglicp/copyright.jsp



