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The symmetrical geometries of 1,3-cyclobutadiene (CB) and substitutional vacancies in crystalline fcc Ar
allow purely ab initio MO estimations to be made for the stabilization energies of several symmetric trapping
sites in the Ar/CB matrix system at the MP2/6-311G(2d,2p) [denoted HI-MQ] level of theory. The single-
substitutional vacancy supports the most stable trapping site in the HI-MO Ar/CB system. It was examined
by filling an Ary3 vacancy of the HI-MO Ar lattice with a symmetrical CB:Aikernel cluster, with dilation

of the kernel cluster opposed by a symmetrical HI-MO lattice distortion PEF derived for the purpose. In
addition, various supplemental HI-MO stabilization energies were computed. Slightly displacing the four
nearest-neighbor Ar atoms coplanar with CB from square-planar geometry shows this site distortion PEF is
very soft. The results suggest fluxional behavior for the Ar atoms near the CB guest molecule and the soft
trapping site environment provides access to equivalent global PES minima for the two valence isomers of
CB. The fast automerization coordinate of CB acts in the presence of slow lattice coordinates to account for
the unique spectroscopic observations on Ar/CB reported from the laboratories of J. Michl. These show (a)
that CB automerizes at a rate 10° s ™% in cold matrices; (b) that equal populations exist for the matrix-
isolated vicinally dilabeled*¥C or D) CB valence isomers; and (c) that the automerization ZP energy levels
of matrix-isolated CB are separated by an amahint 35 cnt!. Trapping sites for CB based on multiple Ar
vacancies are not only computed to be less stable than the SS site, but they are unable to support a satisfactory
explanation for the experimental observations.

1. Introduction Michl and his collaboratofs* studied seven CB isotopomers
isolated in Ar and Ne matrices using IR, Raman, &@&NMR
Pseudo-JahnTeller distortion induces rectangular geometry spectroscopies. No spectroscopic tunneling doublets were
for the 1,3-cyclobutadiene (CB) molecule in its ground electronic observed; however, IR polarization measurenteatsd 13C-
state, and the two interconvertable valence isomers give thisNMR line shape analysi®f vicinally *C-dilabeled CB isolated
experimentally difficult molecule potential importance to the in Ar suggested an automerization ratel0® s'%, i.e., a rate
field of intramolecular tunneling dynamics. Carpehteas the for these matrix-isolated isotopomers that is fast on the time
first to propose that quantum tunneling may be a significant scale of the NMR experiments. Computations by Carsky and
contributor to the rate of valence isomerization (automerization) Michl1° for the vibrational state-specific tunneling splittings of
by CB. His research stimulated experimehtahnd theoretic&l 10 the three lowest-frequency vibrations withsymmetry species
work aimed at characterizing the process and recent résults were based on an MO-computed PES with an automerization
identified nonautomerizing, as well as automerizing, vibrational barrier of about 10 kcal/mol, and on this basis the tunneling
state-specific and isotopomer-specific anharmonic spectroscopicsplitting for the automerization fundamental of gaset@gH,
behavior. The zero-point energy level splitting for gaseous was estimated to be 70 crth Carsky and MicHP addressed
12c,H, was estimated to be near 11 thito suggest a ZP  the failure to observe spectroscopic tunneling struétimeCB
tunneling rate verging on the picosecond time scale. The analysisisolated in Ar or Ne by suggesting that CB and its matrix
combined (a) the vibrational spectra of low-temperature matrix- trapping site are unlikely to have the same symmetry properties.
isolated CB isotopomers obtained by Arnold and Mitlgh) They statetf that at the S/N of the Raman experiments a ZP
the twenty configuration MCSCF/6-31G MO computation of energy level separation 100 cal/mol (i.e> 35 cnm?) between
the square-planar CB saddle-point by Nakamura €ét(a). MO- nonequivalent valence isomers would preclude the detection of
computed vibrational spectra for CB isotopomers at the MP2/ transitions from the thermally depopulated higher energy isomer.
6-311++G(2d,2p) level [here called HI-MOJ; and (d) computed  |ow temperature rare gas (Rg) matrix solids are useful
1-D PES profiles fof?C4H, along automerization coordinates  systems for modeling intermolecular guekbst interactions,
originating as the €C stretching normal mode. The analysis and the geometries of CB and the Rg crystals are unusually apt
smoothly melded the patently nonharmonic Raman transitions for such work. Until recently it has not been feasible to consider
observed at 723 and 1678 chfor Ar/CB matrix samples with  ab initio approaches to the matrix trapping site problem, but
the low MO-computetivalue of 3.2 keal/mol (1119 cm) for the Ar/CB system is addressed here using a moderately high

the ZPE-corrected saddle-point energylof, CB. level of ab initio quantum theoretical approximation. MO study
of the complex Ar/CB system has obvious limitations, but
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this sample system. Most importantly, the HI-MO predictions 100 .
for Ar/CB can be directly compared with observatiérfson Egergy per atom
well-annealed experimental samples. 1
Ab initio approaches to the matrix isolation trapping site -1004
problem are important because they intrinsically include the
near-neighbor multibody interactions, and because they provide ] 398, 2T Ary A
prototypes for the study of more general solvation problems. -3004 2 Arl3/
The feasibility of the ab initio MO approach is addressed here 395, 405 R /
by considering relatively large CB:Aland Ar, clusters at the S AT
nontrivial HI-MO level, followed by the introduction of an ab -500 P 2 20
initio based PEF for symmetrical distortion of the lattice around | 397,333
the matrix trapping sites. Specific objectives include (a) deter- 390,606
mination of the most probable trapping site for CB in solid Ar; =700 A MP2/6-311+%G(2d,2p)
(b) estimations for the magnitudes of the Ar-induced energy —_———
offsets between nonequivalently trapped valence isomers of CB 35 A 40 A 4.5 50
in the Ar/CB matrix system; and (c) demonstration that To>
equivalent single-substitutional (SS) trapping sites accommodat- -140
ing the two CB valence isomers exist in the Ar matrix system i 100 ‘
through fluxional behavior by Ar atoms near the CB guest. 150 - Energy per bond 0
Cooperative multidimensional coupling between the CB au- 100 Ar
tomerization coordinate and Ar lattice modes can lead, in 1 2
principle, to potentially observable spectroscopic structure of -160 -\A_r2
use for evaluating details of the PES topography and global N\ Arg
dynamics of the Ar/CB system. -170 -\
| Ay
2. MO Computational Procedures and Introductory 180 4
Results

1
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3.99. -177
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-200
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4.00,-174
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The wave functions for 1,3-cyclobutadiene should be ex- -190 +—r————————1r+——+r1++—+—
pressed as linear combinations of Slater determinants; however, 3.8 3.9 4.0 4.1 4.2
the ground state wave function of the rectangular conformation Ios A
is dominated by a singt€ term and only one determinant was 2.0
used in all of the present computations. It is essential to include
an estimate for the electron correlation energy in the MO
computations, and in the present work the second-order Mgller
Plesset (MP2) perturbation approach was necessarily used. The
highest locally feasible ab initio theoretical level, MP2/6-
311++G(2d,2p) [abbreviated HI-MO in this article], is able to
reasonably approximate the features of van der Waals contact
interactions, and it produces results that are far superior to those
obtained at the MP2/6-31G(d,p) [here LO-MO] level of theory. i
HI-MO vibrational spectrdl computed for seven isotopomers Ary,
of CB were shown to correlate well with the observed IR/Raman 1 C r, =3.882 A,V =-2.619 kcal/mol
transitions of Ar/CB, except for a specific set of vibrations -3.0 T T T T T T T
showing pronounced anharmonic perturbations associated with 3.6 4.0 4.4
the double-well PES of CB. As has already been néted, Iy, A
supporting evidence for the success of computations at a level

eqUIvglenttth) HI-MO rl]s prO}lllded by ;%g%m cct)mputéathﬂal symmetrical Ay clusters. (B) HI-MOAE:(Ar,) values per bond for
experimental research on fluorooxir 2 a strained ring Ar2, Arz (Da), and Ag (Te). (C) HI-MO AE(Ar,) values normalized

m0|eCU|e_ with a sin_gle deep PES minimum. _T_he present to 12 nn contacts. The A Arys, Arag, and Agg clusters have 24, 36,
computational work includes both full and specifically con- 63, and 104 nn contacts, respectively.

strained geometry optimizations on the CB;And Ar, clusters
chosen for study, along with numerous single point energy 311++G(2d,2p) [HI-MO] theoretical level, and to establish
computations. The conclusions depend on energy differencesproperties for the host HI-MO Ar lattice into which the HI-MO
tending to cancel some of the errors inherent in finite level MO CB impuirity is introduced. Formation energiag&;(cluster) for
computations. All results were obtained using @eussian 94 the clusters were computed from reactios — Arp, and the
coded* run on DEC AlphaStation 200 4/233 and DEC 433au average energies per Ar atom are plotted as a function of the
workstations. nearest-neighbor (nn) distance parametgiin Figure 1A. The
2A. Ar,, Clusters and “HI-MQO” Argon. Ab initio quantum- energies andp values at the minima are shown in the figure.
mechanical computations including electron correlation energy For the Ag 34 clustersr, is the only distance parameter, and
estimates can contribute significantly to the characterization of the average ArAr bond PEFs for these clusters are plotted as
potential energy surfaces for weakly bonded systems. In thea function ofr, in Figure 1B. The well of the PEF for HI-MO
present section the stabilization energies of thg Arz (Dap), Ar; is wider and shallower than that for the benchmark-Ar
Arg (Tg), AriOn), Ariz (On), and Ak (Day) clusters are  pair potential function of Azi2> which has the distance and
addressed to examine the general performance of the MP2/6-energy parameteiRyq» = 3.7570 A ande/k = 143.235 K (285

Energy per 12 nn contacts

-2.57

kcal/mole

Figure 1. (A) HI-MO energies of formatiomME;(Ar,) per atom for
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cal/mol). The parameters for HI-MO Aare 1.06Rn)azi; and
0.61€/K)azz. The HI-MO curves for A, Ars, and Ag in Figure

1B are not superimposable and therefore show that significant

nonadditive multibody interactions arise at the HI-MO level of
MO theory. Atr, = 4.00 A the AAr energies of the Ayand

Arg4 clusters are about 1.8% and 4.8% lower than the energy of

Ar,, while comparison values obtained by Lotrich and Sza-
lewicz!® are 1% for Ag and 7% for the Ar crystal. The two
gray curves drawn in Figure 1A were computed for thg,Ar
and Ang clusters using only the pairwise PEF of HI-MO Ar

These curves demonstrate the increasing importance of multi-

body interactions in HI-MO clusters of increasing size, and they
anticipate the much larger multibody interactions found for the
CB:Ar, clusters.

The energy minimum for HI-MO A, a Dy cluster with
the atoms stacked AArg:Arg in the fcc (0,0,1) planes as
discussed below, occurs mt= 3.88 A. This is a decrease of
only 0.02 A fromry at the energy minimum for Ag (and a
decrease of 0.09 A from that for frapproximated using only
the pairwise PEF of HI-MO Aj). The 3.88 A value is 0.11 A
(2.9%) longer than thi, value of 3.77 A observed for crystalline
Ar(s). The average stabilization energy for an Ar atom in the
HI-MO Ary cluster is—720 cal/mole. This value is much less

than that experienced by an average lattice Ar atom because

only 2 atoms in Agp have the full fcc lattice complement of 12

nearest-neighbors (to say nothing of the lattice complements at

longer distances).
The ro-dependent PEF of a typical lattice Ar atom is an

important consideration in this work based on scaling the cluster

or lattice geometries as a functionref Approximations to this
special PEF are shown in Figure 1C where thig(cluster)
values for Ai,, Aris, and Apg are reduced to energies per 12
nearest-neighbor (nn) contacts, i.e. AB(Ar12)/2, AEi(Arq3)/

3, andAE¢(Ar0)/5.25. The Ago PEF is the deepest of these and
it has a slightly shorterp value than the other clusters due to
its fuller complement of interatomic Ar interactions. It is chosen
to describe the energy of an Ar atom in a lattice that is
symmetrically dilated or contracted by scaling the nearest-
neighbor distance. The “Ar in Ary2” PEF in Figure 1C results
from subtracting the total energy of thejArcluster from the
total energy of the Ag cluster as a function ab. The resulting
PEF, like that for Aso, has its minimum at, = 3.88 A, but
this PEF clearly reflects the lack of non-nn interactions
experienced by the reference Ar. Two energy points were
obtained for the Agp cluster with Ar:Ari2:Arg stacking in
(0,0,1), planes and these are included in Figure LEEREAr30)/
[104/12].

The HI-MO energie\E:(Ar12) and AE;(Ari3) show that the
energy to form a central vacancy in the HI-MO jArcluster
according to the reaction Ay — Ario + Ar is +2.619 kcal/
mol with r, = 3.88 A for both clusters.

Energies for adsorption of an Ar atom onto the surface of an
Ar crystallite, and for the adsorption of CB onto an Ar crystallite
surface, are of interest relative to ranking of the stabilities of
trapping sites formed by isomerizations of a CBjAluster.
The HI-MO energy for adsorption of an Ar atom onto a
tetragonal surface of the fycluster withro = 3.90 A [Arz +
Ar — ArizAr] is —0.92 kcal/mol. The standard counterpoise
BSSE computation with separation to;Aand Ar reduces this
value t0—0.48 kcal/mol. The-0.92 kcal/mol adsorption energy,
retained in this work, is slightly larger than one-third of the
HI-MO value of —2.619 kcal/mol obtained by inserting Ar in

Redington

kcal/mol

3.0 3.5
distance from plane / A
Figure 2. (A) Geometry of the stacked AAr10:CB cluster (o = 3.90
A). The adsorbed CB molecule bridges the central two Ar atoms in
the (1,1,1) plane. These atoms are near energy minima found for the
HI-MO CB:Ar van der Waals molecule (cf. Figure 3). (B) Dependence
of adsorption energy on the separation of CB from the, Surface of

the Ar:Aryg cluster. Inset is for Ar adsorbed on the,Asurface of
ArglArlz.

4.0

adsorption of an Ar atom onto a hexagonal (1,1,1) surface of
HI-MO Ar s, stacked Ag:Ariy, is —0.93 kcal/mol withrg =
3.90 A. As shown in the inset of Figure 2B, at minimum energy
the adsorbed Ar is 3.16 A from the Arplane, a value that is
reduced slightly from the hexagonal lattice plane separation of
3.184 A. As shown in Figure 2 the energy for adsorption of
CB onto a hexagonal (1,1,1) surface ofif\stacked AgArig
is —4.505 kcal/mol with CB at a distance of 3.06 A and
symmetrically bridging two Ar atoms. These lie at opposite ends
of an energy valley characterizing the PES of the CB:Ar vdW
molecule as seen in the following section.

2B. The CB:Ar van der Waals Complex The CB:AR
clusters are introduced by describing results obtained at the HI-
MO [MP2/6-31H+G(2d,2p)] level for the CB:Ar van der
Waals molecule. CB:Ar, like all CB:Arclusters, has not been
examined by experiment or high level ab initio computation
(cf., however, ref 17). Features of the PES topography for CB:
Ar are shown through optimized geometries of the complex
obtained with Ar successively constrained to each of the
symmetry axes of CB. The lowest energy occurs for Ar above
the CB plane, but thi€,, configuration actually yields a shallow
PES saddle point. Minimum energy paths tracked by the Ar
atom when it is circled about CB in the vertical symmetry planes
are shown in Figure 3A. The path in the plane between the two
C=C bonds leads between saddle-point maxima at &oth 0

Ari,, to suggest that the interaction energy is dominated by the and® = 90°.

four nn Ar—Ar van der Waals contacts. The energy for

The stabilization energy for the HI-MO CB:Ar van der Waals



Ab Initio Modeled Matrix Trapping Sites J. Phys. Chem. A, Vol. 104, No. 16, 2008809

>
cal/mol

®
361 A ®
B o @ @ —
Cec @ @ B
435 A—@ 445 A—
Cc=C TS Secondary
minmum i
Plane between C=C bonds Plane between C-C bonds

Figure 3. (A) Fully optimized HI-MO energies for CB:Ar along the
minimum energy paths for Ar positions in symmetry planes between
the G=C bonds and between the-C bonds. (B) Ar positions along

the minimum energy paths shown in part (A). —_— === —
Figure 4. Optimized geometry of the planar CB:Avan der Waals
complex is—0.73 kcal/mol, which decreases t60.46 kcal/ configuration (bold figures) superposed on a (0,0,1) plane of the fcc

mol'” with ZPE and counterpoise BSSE corrections (CB and Ar crystal lattice. It is seen that if CB automerizes within a frozen Ar
Ar entities) included. This result predicts sufficient stability for VAW configuration it faces an unequal double-minimum PEF. On the

. : ; . . other hand, if the pairs of Ar atoms make small shifts to interchange
CB:Ar that it should be a candidate for future spectroscopic magnitudes of theR, and R, distances, the System comes to an

St“‘?'y in _COld_ molecular beam samples. _The_PES tOpOQraphyequivalent minimum in the global PES. The essence of this behavior
outlined in Figure 3 suggests that the vibrationally averaged is substantiated for the single-substitutional Ar matrix trapping site as
equilibrium geometry of HI-MO CB:Ar will have no higher  developed in the text.

thanCs symmetry, and this MO-predicted feature is reminiscent
of the offset position for Ar determined in a computational
experimentd® study of the acetylene:Ar van der Waals

TABLE 1: Geometries of CB and the Planar CB:Ar, van
der Waals Moleculet

molecule. The valence isomers of CB in CB:Ar will have basi§ Ro—c Rcc Rev Occi R R
unequal energy minima if CB automerizes suddenly without CB LO-MO 1.345 1.565 1.079 134.8
simultaneous adjustment of the offset Ar position. In contrast, CB HI-MO 1344 1574 1077 135.1

cooperative motion by Ar can access a symmetrically equivalent Cgfﬁu hcl)i\,/\lﬂoo igig’ igsg i-g;? iggg 2-3%;‘ 2'24212

minimum on the global PES. The multidimensional dynamics Ara P : ) ) : : :
CB:Ar, HI-MO 1.343 1566 1.074 1346 3.77 3.77

of CB:Ar and other CB:X van der Waals molecules present an _ ) _ _

attractive topic for future spectroscopic and theoretical research. _*Dan Symmetry, distances in A, angles in degré@sandR, defined

The —4.51 kcal/mol adsorption energy of CB onto the hexagonal I?_Figure 4.°LO-MO is MP2/6-31G(d.p), HI-MO is MP2/6-

al/mo’ adse . e 311++G(2d,2p).
plane of Agk:Ary in Figure 2 is more than six times the

adsorption energy with a single Ar atom to CB, a result TABLE 2: CB:Ar 4 (D2, Cluster Energies and PES Offsets

anticipating the major importance of multibody interactions that offset of PES
is seen below for the larger CB:Aclusters. Ar,geometry g _ E.aw  Minima

2C. The Planar CB:Ar4 Cluster. The CB:Ar cluster with Ru R, kcal/mol A,cm™?
D2, symmetry plays a pedagogical role for the evaluation of "\ qw 4335 4445 0.0 237  optimized
the Ar matrix trapping site and for the automerization behavior (b) 50% to Xstal 4.052 4.107 0.967 50.2 CB opt.
of matrix-isolated CB. Figure 4 shows CB occupying a single- (c) 75%to Xstal 3.911 3.939 2.916 45.4 CB opt.
substitutional (SS) vacancy in the (0,0,1) plane of crystalline (d) crystal 3.77 377  6.963 0.0  CBopt
Ar (lattice parameteg, = 5.33 A; nn distance, = 3.77 A). (€) 50%]| vdW  4.052 4.445  0.373 1311 CBopt

The octahedral interstitial regions bring the vacancy into near  2HI-MO = MP2/6-31H+G(2d,2p).> The CB:Aq structure appears
congruence with the geometry of CB, and to emphasize this in Figure 4.

point the Ar positions determined for the fully optimized HI-

MO CB:Ar, (D2n) van der Waals configuration (Table 1) are estimates have been made for the displacements of Ar atoms
indicated by bold circles. LO-MO vibrational analysis indicates from their normal lattice positions when stressed by the presence

the lack of a strong drive toward nonplanarity by tbep of a guest molecule larger than Ar in an Ar crystal vacancy.
configuration of CB:Aj, as eight of the LO-MO frequency  Such results include research by Gunde é? ah Arsgg Clusters
values (four of them imaginary) are less than 1énThe LO- containing one trans or one gauche difluoroethane molecule,

MO computations yieldR; andR; distances which are 0.19 and  and by Lakhlifi and Girardé® on Ar/CHgF trapping sites. For
0.18 A longer, respectively, than the HI-MO values drawn in these systems outward displacements of-0.2 A are com-
Figure 4. puted for the closest nn Ar atoms, with smaller displacements
As listed in line (b) of Table 2, the energy rises about 1 kcal/ arising for Ar atoms located further from the guest molecule.
mol whenR; and R, of the CB:Ar, vdW molecule are com-  The computations presented below for CB in HI-MO Ar suggest
pressed halfway to the crystal value of 3.77 A. Semiempirical a dilation of 0.19 A for the 12 nearest-neighbor Ar atoms
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o (LLD) 3. CB:Ar, Kernel Clusters for m-Ar Substitutional
: 4i0 | 4-|5 Trapping Sites in HI-MO Ar/CB
i ! ! ' ‘ 3A. Kernel Cluster Energies.The energies of formatiofE;-
' (cluster) for pure Ar or CB-doped Ar clusters are defined for
5 : the gas-phase reactions
g i
3 ! mAr + nAr — Ar Ar, 1)
=4 ‘
o CB + nAr — CB:Ar, (2
<
83| with
AE(Ar:Ar,) = E(Ar;Ar)) — (m+ n)E(Ar) 3)
-0.6 +— r L . . .
26 28 30 32 34 36 38 AE(CB:Ar,) = E(CB:Ar,) — nE(Ar) — E(CB)  (4)

planar spacing, A The energies for gaseous reactions substituting CB for m Ar

Figure 5. Black lines: thero (upper scale) and layer spacing atoms within an Ag:Ar, cluster,
dependence of HI-MQAE™™(cluster) for reactions Ar; + CB —

sub

CB:Ar, + Ar with stacked AgCB:Ar; (Cz,) and stacked AICB:Ar, Ar:Ar,+ CB— CB:Ar, + mAr (5)
(D2y) clusters. Gray lines: layer spacing dependenabEiT;LT)(cluster)
obtained with geometries of the planar,Anoieties determined by are denoted&EgZ'S"), e.g.

= 3.77 A. Dashed lines connegt= 3.77 A (upper scales) with layer
spacings of the (0,0,1) and (1,1,1) planes (lower scale). Fh€ Gonds (n,m) . — . _
in Arz:CB:Ar; parallel a leg of the equilateral Atriangle. AEg;, (CB:Ar,) = E(CB:Ar,) + mEAr)

E(Ar :Ar.) — E(CB)
surrounding CB in the symmetrical and nearly congruent single- o
substitutional matrix trapping site. = AE{(CB:Ar,) — AE(Ar;Ar) (6)

The energy offsetg\ arising between PES minima of the

valence isomers of CB automerized in CB;Awith rigid Ar, The ro-depenglzelnt curves for HI-MQE(ArArsz), AE(CB:
moieties are included in column 5 of Table 2. Linestashow  Ar1z), andAES Y (CB:Ary,) are shown in Figure 6A, where a

A values for A geometries scaled between the vdwW and real —5.70 kcal/mol stabilization of [CB:Ap + Ar] relative to [Ari3

lattice limits. These values maximize around 50-émwhile + CB] is seen to occur at, = 4.43 A for the gaseous species.
line e, withA = 191 cn?, illustrates the much largex value This stabilization energy is significantly larger than might be
arising from a more pronounced rectangulag éonfiguration. construed from computations for smaller clusters. For example,
More physically meaningful values produced in 3-D CB:Ar multiplying the —0.40 (kcal/mol)/atom stabilization energy of
kernel clusters are found below. the stacked A.CB:Ar, cluster in Figure 5 by 12 as an estimate

2D. Stacked ArR:CB:Ar, Clusters. Interaction energies  for the energy of CB:Ap yields only—4.80 kcal/mol. The HI-
between CB and Ar atom layers stacked above and below it MO data points producing the curves in Figure 6A are listed in
and centered on a common symmetry axis are considered inTable 3.
this section, and Figure 5 shows the geometry dependent Thero-dependenAE(ST,’t',“) (CB:Ar,) energies cannot describe
energies for the reactions pAr:Ar, + CB — Ar,:.CB:Ar, + matrix trapping sites because the cluster dilates to its minimum
Ar. The gray lines showg-dependent energies (expressed per energy configuration free of constraint from the bulk Ar lattice,
Ar atom) when the planar separations are varied while holding and a function for estimating the HI-MO lattice distortion energy
the CB geometry frozen at its free molecule value and with the is introduced in the following section.

square Ay, and triangular Ag, geometries frozen with, = 3.77 3B. The HI-MO V a1 Function. Basic intuition, backed by
A. At the circled reference points the Ar clusters are standard the results of published trapping site research such as the studies
fcc lattice fragments with the planar spacimgg/(1/2) = 2.666 of refs 19 and 20, suggests that displacements of lattice Ar atoms

A for (0,0,1) planes and,v/(2/3) = 3.078 A for (1,1,1) planes.  from their equilibrium neat lattice positions generally decrease
The black curves show the-dependent cluster energies with  as their distance from an introduced defect site is increased.
geometries of the complete Aand Ar lattice fragments scaled  The nn distance, and the lattice parameteg of the fcc lattice
by ro. are related aa, = +/2r,, and the radial distances of lattice points
The PEFs in Figure 5 suggest that clusters with CB lying in to a reference lattice point chosen as the origin are given by
the (0,0,1) plane may be unstable relative to the neat Ar clustersthe radiir, of hypothetical spherest; = +/1r, (12 Ar on the
whenrg < 4 A because of the repulsive interactions between sphere)y, = V2r, (6 Ar), rz = V3re (24 An), ...,rp = VN1,
the & system of CB and the adjacent stacked Ar atoms. (whereN is a specifically calculated number of Ar atoms lying
However, HI-MO computation of the full CB:Ag cluster shows on thenth sphere, e.g., forse andrsg the values olN are 108
this entity is stable relative to Ag over a large range of, and 30, respectively).
values, again serving to emphasize the important multibody  Two limiting forms for a symmetric lattice distortion function,
interactions produced in a cluster by the presence of CB, in Vi, are obtained by supposing that the guest molecule
this case in close contact with 12 nn Ar atoms. The CBiAr symmetrically dilates the first sphere of atoms surrounding a
vdW cluster is used as the kernel of the single-substitutional single-substitutional site (12 Ar atoms at radius= +/1ro) to
trapping site with CB lying in a (0,0,1) plane of fcc HI-MO  generate a dilation volumAV = 4xri2Ar;. As the first limit,
Ar. Double- triple- and quadruple-substitutional sites with CB it is assumed that the and higher shells are unaffected by the
lying in the (1,1,1) and (0,0,1) planes are considered below usingr; dilation and remain undilated; as the second limit it is assumed
different kernel clusters. that the first shell dilation volume\V is preserved in the,
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Figure 6. (A) The AE(Ar:Ariy), AE(CB:Ar1), and AES2CB:Ar,) = AE(Ar:Ari;) — AE(CB:Aryp) curves. Data points are in Table 3. (B)
Radial lattice distortion PEPg.. Curve ( = 0) preserves the shell displacement voluma&V for all shells; curve (= 4) hasAV damped to zero
for all shellsr, beyondr; curve ( = 2) is the intermediate dampé&#l: function used for the trapping site computations. The origin s &t 3.882

A for HI-MO Ar. (C) AES2Y = AES2N(CB:Ary) + VU, curves forl = 0 (undamped) antd= 4 (fully damped). (D)AES2Y = AES2UCB:Ar,)

+ V@ curve with I= 2 used for the single-substitutional trapping site.

TABLE 3: HI-MO Energies for Single-Substitutional Site in written as a polynomial im\r, e.g.,
Ar/CB (CB in (0,0,1) planey
_ 2 3 4 5

ro AE(Ar:Aryy) AE(CB:Ar) AEgtzbl) Viar® AES[ZE-lb U(AI’) = kAr< + aAr’® + bAr” 4 cAr (8)
3.37 6.7220 37.9354 Substituting theu(Ar) polynomial into eq 7 folVa yields
357 —3.9954 10.2660 g theu(Ar) poly a Y

3.77 —7.4455 1.1964 8.6419 0.9627 8.6419

387 -7.8563  —48571 29992 0.0095  3.0087 Vign = KKAr,” + AaAr; + BbAr,* + CeaAr,® - (9)
3.97 —7.8081 —8.6791 —0.8710 0.4388 —0.4322 ) ] )

407 —7.4879 —10.6218 —3.1339 1.7415 —1.3924 where the constarK is defined as the expansion

4.17 —7.0187 —11.5888 —4.5701 3.5943 —0.9758

437 -59179  -116055 -56876 83015 26139 K =[12(r,/r})% + 6(r,/r)% + 24(r,/r)% + 12, /r ) +

457  —4.8356 —10.4325 —5.5969 13.8913 8.2944 o

477 —3.8827 —8.9228 —5.0401 19.6396 14.5995 e N(ry/r)* 1 (10)

a CB:Arz kernel cluster appears in Figure 7AE energy definitions o

are in egs 3, 4, 6, and 16 is A and energies are kcal/mélEquation = [12 + 6(1/2f" + 24(1/3f + 12(1/4 + ... + N(1/K)*]

9. Lead “12"in eq 11 is adapted to 12(7/E2)7; see text Stabilization (11)
energy contribution=—1.39 kcal/mol at, = 4.07 A

. ) ) .~ with o = 2. Equation 11 defines the constaitsB, andC by
shell and in all higher shells. The displacements of the spherical usingo. = 3 for A, 4 for B, and 5 forC. For the fcc lattice, the
shells arz rs, ...rmare thep givenaaV anrlerl - 4m”2.A,r” constants, A, B, andC converge to values of 25.224, 14.4539,
for all values ofn, and withAr, = (r1/r)?Ary = (LM)Ary it is 12.8019, and 12.3113, respectively, where, as seen in eq 11,
seen thai\r, approaches zero for large valuesnofThe lattice ther, shell contributes the value 12 to each of these numbers.

distortion energy generated for thig: model is estimated by e constank converges much more slowly than the constants
summing the radial distortion energies of all atoms on all spheresA B, andC as a function of, and the estimatll = 25.224 is

under the assumption that the same 1-D radial displacement,, extrapolation to the infinite crystal limit of the sum 25.0138
PEF, designated(Ary), is valid for each atom. Thus, with the

A obtained by direct summation of all shells tgoo The
summation truncated at ttieh sphere, summation increments closely follow an exponential function
for the shells beyondioge With AV conserved, thi¥,: function
Via = 12u(Ar,) + 6uU(Ar,) + 24u(Arg) + 12u(Ar,) + ...+ might affect 16 lattice atoms, since theoo radius is 63.2,

NU(Ar) (7) = 247 A forro=3.90 A. The derivative ddn atr0ois 0.031
A, a value entering the range of thermal vibrational amplitudes
This energy summation is readily expressed whiéAr) is for the low temperature Ar crystal. Involving the displacement
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TABLE 4: V4 Coefficients K2 A, B, and C Before its summation tAES2(CB:Ary,) the Viay function
index] D() K(=2) A(w=3) B(a=4) C(a=05) must be adapted to the SS vacancy by reducing the atom count
n000 25 204 1445385 12.80194 1231125 from 12 to 7 in then; shell of eq 11 foKK, A, B andC. There
n92  16.9646  13.03776 12.31125 12.10740 are 12 nn contacts for each Ar of theshell in Vi, and 5 nn
n0% 1445387 1249255 12.13188 12.04002 contacts for these same Ar atomsAECZYCB:Ar,) when
n~to% 1280194 1213188 12.02736 12.00628  CB—Ar contacts are counted as equivalent to-Ar contacts.
n 12.00000 12.00000 12.00000  12.00000 Weighting each of the, shell Ar atoms inVia« by the factor
a Equation 11P Damping factors forAV. See section 3B. 7112 produces 12 nn contacts distributed over the two functions.
For sites based om-Ar vacancies, th&/,s-lattice interface is
of so many Ar atoms, this version of th&y function is quite treated by replacing the leading 12 kg A, B, andC by (7/

stiff and factors were introduced to damp the, displacements  12)X, whereX is the number of Ar atoms deemed to make nn

A WNFO

and soften the PEF. Damping fact®$) = 1.0 [no damping], contact with CB. The use of larger kernel clusters would obviate
DW = n=025 D@ = n=05 DB = n=10 and forn > 1 D® = these procedures since the shared Ar atoms at the kernel-lattice
n~*, were entered into th&r, equations for shell displacements interface layer at thas shell, for example, would be surrounded

to yield Ar, = (1/n)DWArq for | = 0 to 4. The coefficient&®, by 12 Ar atoms approximating a more nearly lattice-like
A BO, andCO are listed in Table 4. environment than at,. Moreover,Ars, not Ary, would provide

The PEF curve for A shown in Figure 1C (cf. section 2)  the leading displacement fdfar. Absorbing the most geometry-
was selected for use agAr); a PEF intended to approximate sensitive energies directly into the HI-M@E@T;Q’)(CB:Arn)
the energy of an Ar lattice atom subjected to dilation or computation greatly reduces and simplifies the rolé/gf.
contraction of the surrounding fcc lattice of HI-MO Ar. Eight An important kernel-lattice interface energy correction was
equally spaced HI-MO PEF points along tér) = AE:(Arag)/ found that significantly increases the stabilization of the SS site
5.25 curve were evaluated betwern= 3.37 to 4.77 A to based on the CB:As kernel by comparing the energies for
determine the constanksa, b, andc in eq 8. The points were  adsorbing Ar onto the faces of CB:Arversus Aiz clusters.
fitted to a fifth-order polynomial with the origin placed at the The energy correction in question is unique to the SS site and
PEF minimum as a part of the least-squares fitting process. Thewould be automatically included iM\ES2(CB:Arig) and

sub

resulting equation fou(Ar) is larger kernel cluster computations carrying thshell Ar atoms.
For now, usingr, = 3.90 A for the Ak, and Ans lattice
U(Ar) = 6.5000Ar? — 11.9997r% + 11.9517Ar* — fragments, the energies are).92 kcal/mol for adsorption of

5 an Ar onto the Ays surfaces, versus-1.42 kcal/mol for its
5.0073Ar° (12) . o .
adsorption onto one of the four surfaces placing it coplanar with
CB in CB:Ar,, and—1.06 kcal/mol for its adsorption onto one
of the surfaces placing it above or below the plane of CB. In
the trapping site context this result suggests that at leds26

where the units are kcal/mol fai(Ar) and A for Ar. ThekK,
aA, bB, and cC parameters for\/,(é'l)tt are then obtained using

Table 4 Al the_ minimum energy va_lue fofAr) 1o is 3'882_A' kcal/mol of extra stabilization energy is added to the SS site.
and this value is used fog of the undistorted HI-MO Ar lattice. The energy is due to interactions involving CB with the 6 Ar
The five Vi), curves are plotted in Figure 6B, where the effect atoms in then = 2 (second nn) shell. This energy of the

of progressively damping the higher shali displacements is  gpe|| js absent in th¥aq function based on pure Ar. Judging
seen to soften the PEF. The intermediate cuw, is chosen from the trapping site geometry in Figure 7A, the extra

as Viar for the Ar/CB trapping site computations. stabilization energy arises through interactions involving po-
3C. The Single-Substitutional Ar Matrix Trapping Site larization of the four Ar atoms mildly impinged by CH bonds,
of CB. When it is constrained by.: the AES(CB:Ar,) and it is most likely the strongest stabilizing interaction involving
function (egs 5 and 6) for the van der Waals kernel cluster atoms outside the CB:As van der Waals kernel cluster. This
provides first input to the stabilization energy of amAr energy is included in column 6 of Table 5 reserved for “special”,
substitutional matrix trapping site. The combined functions for aka “stabilization energy unique to this kernel” entries.
the SS site, The AE"™ PEFs are zeroed relative to gaseous CB and
gaseous Ar atoms in the defining chemical equations. The Ar/
A (i1t2e'1)= AEgﬁ’l)(CB:Arlz) 4 V|(2n (13) CB trapping site energies are more realistically described when

the m gaseous Ar atoms appearing in eq 6 are adsorbed onto
outer surfaces of the CB-doped crystallite and these energies,
—0.93 kcal/mol per adsorbed Ar atom, are entered into column
5 of Table 5. In section 2A the stabilization energy obtained
by the adsorption of CB onto a hexagonal Ar surface was

based on the limiting = 0 andl = 4 forms ofV,, are plotted
in Figure 6C. TheAEL2"Y PEF based on the undampegy (I
= 0) shows no site stabilization energy because the stiffness of

this Vig function prevents access to the regio_n of largahere approximated as-4.51 kcal/mol by using the Ag cluster. This

the ke_rnel cluster is We(lllzsgablllzed. Atthe I|m|t of fully damped  giapijization energy ranks external surface adsorption as a major
Viar With | = 4, the AEg;,;™" PEF has a stabilization energy of = competitor of the internal trapping sites and it is entered with
—2.22 keal/mol aro = 4.17 A, corresponding to an dilation them in Table 5. The stabilization energies entered into Table

of 4.17 — 3.88= 0.29 A. Figure 6D shows thAEG2" curve 5 narrowly rank the single-substitutional trapping site as the
obtained using the intermediatie= 2) Vi function chosen as  most stable site in HI-MO Ar/CB.

the lattice distortion PEF. ThAEY2Y contribution to the SS 3D. PES Asymmetry in the SS Site and the Automeriza-
site stabilization energy is 1.39 kcal/mol ato = 4.07 A, i.e., tion Mechanism in Ar/CB. Distorting the highly symmetrical

with anry dilation of 0.19 A. The—1.39 kcal/mol value is a  SS vacancy to more nearly match the nonspherical geometry
lower limit to the SS site stabilization energy, which is tripled of CB adds to the SS site stabilization, and first steps taken to
by including two necessary additional stabilization energies investigate effects of the asymmetry are now described. The
presented below. ThAnge'l) values are points from Table 3.  four nearest neighbor Ar atoms coplanar with CB were offset
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Figure 7. Definitions for CB:Ar, kernel clusters andh+Ar vacancies
with CB lying in the (0,0,1) plane of fcc Ar. (A) SS site, CB:AKkernel.

(B) DS site, CB:Ais kernel. (C) QS site, CB:Ag kernel. Together
with CB the darker shaded Ar atoms indicate the CBl#rnel clusters.
The small circles and heavy dots represent positions of Ar atoms in
the planes above and below the plane of CB.

TABLE 5: Summary of Trapping Site Stabilization Energies
(kcal/mol) for the HI-MO Ar/CB Matrix System

CB host

site  plane figure AETY +Vi® surface specill totaF
SS (0,0,1) 7A —-1.39 —0.93 —2.26 —4.58
surface (1,1,1) 2A 0.00 —4.51 0.00 —4.51
DS (0,0,1) 7B —0.98 —-1.84 —-1.00 -3.82
TS (111) 9A  -012  -276 -100 -3.88
QS (1,1,1) 9B +0.55 —-3.68 —-1.00 —-4.13
Qs (001) 7C  +892  -368 2 +524

aCB:Ar, kernel clusters shown in Figures 8 and\Wy is | = 2
option (cf. Table 4)° Special stabilization energies unique to each
trapping site, see text.The zero of energy is Ar+- CB. The CB surface
site is modeled in Figure 2.

TABLE 6: Energy Shifts dAEge (kcal/mol) and PES
Minima Offsets A (cm™) for the Symmetry-Lowered SS
Trapping Site?

Ar atom displacement${ — ro) and R — ro) (cf. Figure 4)
—0.05 +0.05 +0.00 +0.05 +0.00 +0.10 +0.05 +0.15

ro A OAEste A OAEste A  O0AEse A O0AEsee A
3.97 —0.488 109 —0.855 88
407 -0.066 90 —0.189 27 —0.317 71 —0.472 56
417 -0.042 58 -0.122 45 -0.140 35

a Ar, moiety coplanar with CB in CB:Ap kernel is offset to
rectangular geometry; cR; andR; Figure 4.

slightly as pairs to bring the square /Aconfigurations into
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Figure 8. Energy for asymmetric distortion afEL2 with ro = 4.07

A. (A) Plot of SAEU2(CB:Ar1,) when the two Ar atoms on the axis
paralleling the G-C bonds are dilated bjr A. 0Viay is expressed as
(2/12Viar. (B) Comparison ofAES2™(CB:Ar,) curves, and demon-
stration thaf AE(CB:Ar,, planar)+ AECY(Ar,:CB:Ar,, stacked)
converges towardhEL2CB:Ar,,). (C) Magnification of the conver-
gent energy differencAE.

above. Table 6 shows that asymmetrically dilating the site based
onro = 4.07 A to relax the &C bonds with 0.05 and 0.10 A

Ar displacements lowerdAEL2CB:Ar;,) by —0.189 and by
—0.317 kcal/mol, respectively. The Ar displacements correspond
to increasingR; in Figure 4 and they are opposed by Wg:
PEF, which is appreciable in thg range of 4.07 to 4.17 A as

seen in Figure 6D. Since only 2 of the 12 Ar atoms in the

rectangular conformations. The objectives were (a) to estimateshell are given the asymmetrizing displacements, the opposing

the magnitude of the site relaxation energy from this source,
and (b) to estimate the magnitude of the energy offsatising
between the energy minima of the two CB valence isomers in
the (frozen) slightly asymmetric SS site.

Viar PEF is taken as (2/12) for the site. Table 3 then shows
that theViay energy displacemenViay, rises by 1.8528/6=
309 cal/mol betweerm, = 4.07 and 4.17 A. The opposing

SAEL2YCB:Ar1,) anddViag functions are illustrated in Figure

sub

Table 6 presents HI-MO energy differences computed over 8A, where it is seen that the offset of the two coplanar Ar atoms

a grid of small displacements of the Agroup to form

rectangular geometry, while the basic geometry of the CB:Ar
clusters was determined byvalues of 3.97, 4.07, and 4.17 A.
The minimum for theAES2Y curve is near 4.07 A, as noted

adds only tens of cal/mol to the stabilization energy of the SS
site but demonstrates a soft PEF, suggesting fluxional behavior
of the trapping site surroundings. This is important to the
automerization dynamics of CB isolated in Ar. Table 6 also
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shows the offset of the PES minima for the valence isomers is the Ar, moieties, thisAE value would vanish exactly. For

A = 27 cntl and A = 71 cn1l, respectively, for 0.05 and  example, with X representing either CB or the central Ar atom

0.10 A asymmetrizing displacements of the two Ar atoms. Table in Aris there are 32 pairwise AfAr interactions in X:Af

1 showing R—c — Re—c = 0.220 A for gaseous CB suggests which are absent in enumerations of the pairwise-Ar

the two Ar atoms are likely to be displaced by an amount greater interactions in the isolated X:Amnd Ar:X:Ar4 clusters. The

than 0.05 A to produce 50 cnT! as a reasonable HI-MO value  deleted 2-body terms are identical in the sums for the ApAr

for A in the SS site. cluster and for the CB:Ag cluster if the Af, moieties in CB:
The automerization mechanism of Ar-isolated CB is readily Ari» and Ar:An; are identical, and they cancel along with a

envisioned using the above HI-MO computed information. number of other terms in eq 14. Rather than vanishing, it is

Assigned! at 723 cm?, the fundamental automerization vibra-  seen in Figure 8B foro = 3.77 A that the HI-MOAE value is

tion qualifies as a fast coordinate relative to the slow Ar lattice —2.29 kcal/mol (i.e., 8.64- 10.93 kcal/mol). In Figure 8QAE

coordinates to suggest adiabatic separation of the vibrations.is seen to decrease steadily toward zero with increasing

Since both CB and the trapping site configuration are nonrigid ~ 3E. General Trapping Site ConsiderationsThe discussion

they develop equivalent minimum energy SS trapping site has concentrated on the single-substitutional trapping site and

configurations, one for each valence isomer, in a process easilybrought in surface adsorption energies, higher near-neighbor

visualized by allowing CB:Arand itsR; andR; coordinates in interaction energies, and the kernel-lattice interface. The

Figure 4 to symbolize the trapping site. With Ar/CB sojourning considerations are now formalized for a CBAurystallite with

most of the time near one or the other of the PES minima, the N much larger than the modest and m values chosen to

fast automerization coordinate of CB usually faces an asym- describe a kernel cluster.

metric double-minimum PES with ~ 50 cnTl. Because the The isomerization reaction that converts an Ar crystallite with

upper ZP level is thermally depopulated, no spectra are an adsorbed CB into a defect crystallite hosting internally

anticipated from this state and no transitions were observedtrapped CB is written

experimentally. When the trapping site Ar atoms fluctuate to ,

reach symmetrical site configurations to provide a transient equal CB*SAr, — CB:ArP:marads (15)

double-minimum PEF for the CB automerization coordinate,

the Ar/CB probability density function delocalizes and the CB ~ The superscript “ads” indicates the adsorption of CB or of

valence isomers equally sample both of the nascent equivalentAr onto an outer surface of the fcc crystallite, and the superscript

global PES minima. The experimental automerization rate of “displ” indicates Ar atoms near the defect site are displaced

> 10° s71 for Ar/CB provides a lower limit that is nearly 18 from their ideal lattice positions. The site energy defined by

times the estimated automerization tatéor free CB. The the reaction in eq 15 is written

spectroscopically identifiable vicinally dilabeled3C or D) ,

valence isomers are found to have equal populations. This is AES, ™™ = AE(CB:ArS™:mAr*® — AE(CB*®Ar,)

an observation consistent with their equal occupancy of the two (16)
equivalent trapping sites made accessible by the fluxional nature
of the SS trapping site environment. and the AE().™ value can, in principle, be evaluated by

ManZ! considered a pseudorotation model for CO isolated adding a series of thermochemical equations such as those
in Ar wherein the distorted trapping site geometry rotates with following, where the energy symbols are given their anticipated
CO. With automerization equivalent to a°3@tation, the present  algebraic signs.
situation is similar in its demand for a soft site PEF with modest Desorption of CB from the crystallite surface
values for the largest Ar displacements (e.g., 8:030 A).

As just shown, the properties computed for HI-MO Ar/CB are CB**SAr,— CB + Ar, +AERS a7
strongly supported by the unique dynamical/spectroscopic data
produced by the research group of Miéht. Extraction of an Af+m kernel from the crystallite interior

To conclude this section, it is of interest to consider the results
of examining AE&-(CB:Ar,, planar) andAES(Ar,:CB:Ar,,
stacked), and adding them together to simulate
AEL2CB:Ar,). The objective is to check the validity of
using Mat/6] for 6Viay in the above asymmetric site analysis, 5, CB— CB:AYsP' + mAr LAEM™(CB:Ar
and to determine the degree to which multibody interaction =~ ™™ con suv (CB: 2)19)

energies are lost at the interface joining the two small clusters.

Figure 8B shows functions entering the equation Deformation of the Ar crystallite lattice atoms surrounding the
kernel sitevacancy to accommodate the CB;#s! kernel

ArN - Aranfm + Arner +AEkern(Ar) (18)

Substitution of CB into an m-Aracancy of the Arkernel

AE = AES2N(CB:Ar,,) — [AEI(CB:Ar,, planar)+

sub sub

AEED(Ar :CB:Ar,, stacked)] (14)

sub

Aernfm - Arlciliirﬁllfm ivlatt (20)
Insertion of the CB:A{disP' kernel into the preparedacancy in
It shows thatAES(CB:Ar,, planar) andAEE(Ar:CB:Ar,, the crystallite

stacked) are not drastically different in the= 4.07 to 4.17 A

range of interest to suggest that the (2/12) factor useddvigh Arg® + CB:ArSS — CB:Ar™) —AEemcean

is not unreasonable. Th&E curve in Figure 8C is a measure (21)
of the magnitudes of multibody energy contributions deleted

from consideration by summing the small cIusTAES:;g‘)- Adsorption of the m Ar atoms onto the crystallite surface

(cluster) values to estimateES2(CB:Ary,). For exclusively displ sl ads "
transferable two-body interactions with identical geometries for CB:AN "y, + MAr — CB:AR " mmAr= —mAE,, (22)
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The surface desorption and adsorption steps, eqs 17 and 22,
have energies of opposite sign and could conceivably cancel,
but HI-MO computations on the Ar/CB system suggest they
must be kept. It is noted that the zero of energy in Table 5 is
taken as At + CB rather than as CB adsorbed onto the cluster
as in eq 15.

Equations 18 and 21 reflect the oppositely signed energies
for extraction of a neat ALm cluster and its replacement by
the CB:AP* kernel cluster. For a sufficiently large value,
these two terms would cancel because the (eq 20) energy
would become negligible and the kernel-vacancy interfaces
arising for reactions 18 and 21 would match undistorted fcc
crystal surfaces. Equations 19 and 20 are theependent
energies appearing in Figure 6 and are used to generate a first
approximation for properties of the SS site.

3D. Double5 Triple-, and Quadruple-Ar Substitutional
Sites in Ar/CB. Figure 7 illustrates the kernel clusters used to
investigate double-, triple-, and quadruple-substitutional sites
with CB lying in the (0,0,1) plane of fcc Ar. Figure 7A shows
the CB:An; kernel cluster used for the single-substitutional
vacancy with the Ay, moiety given dark shading. Figures 7B
and 7C show the CB:Ag and CB:Akg kernel clusters used for
the DS and QS vacancies. Triple-substitutional sites with CB
lying in the (0,0,1) plane were not investigated in detail, but
the basic geometrical considerations are clear in Figure 7.
Figures 9A and 9B show the CB:Arand CB:Afg kernels used
for the triple- and quadruple-substitutional vacancies with CB
lying in the (1,1,1) plane of fcc Ar. In the computations,
however, these kernels were given hcp (ABAB...) stacking. At
the ro values of most interest, test computations showed
differences of less than 10 cal/mol between the fcc and hcp
stackings. Figure 7 shows that in CB3Aithe CB molecule
makes close vdW contacts with 12 Ar atoms, while in CBgAr
and CB:Apg there are 8 and 2 close CB\r contacts,
respectively. All of the kernel clusters in Figures 7 and 9 make
close Arst system contacts (cf. Figure 3), and for some therAr-
PES topography determines the CB orientation in the vacancy.

The double-substitutional vacancy hosting CB in a (0,0,1) Figure 9. Definitions for CB:Ar, kernel clusters andAr vacancies
plane (Figure 7B) relaxes the snug SS site and could conceivablywith CB lying in the (1,1,1) plane of fcc Ar. (A) TS site, CB:Ar
achieve the greater stability. i, CB:Arys configuration in kernel. (B) QS site, CB:Ag kernel. Together with CB the darker shaded

. . . . . Ar atoms indicate the (hcp) CB:Akernel clusters. The small circles
Figure 7B has lower energy than configurations with CB shifted :
. : and heavy dots represent Ar atoms in the planes above and below the
to one side. Withro = 3.97, 3.17, and 4.37 A th®a p P P

plane of CB.
AELS2(CB:Arg) energies are-2.353, —1.469, and—0.924 . : :
kcal/mol relative to the SS-lik€,, configuration, although in bonds paralleling the long axis, and with 5 Ar atoms added as

the lattice the stabilization at the 3.77 A point would be reduced 3” fcc;)lls.ta((:jkgd upper layer. This (.:on.flglrjlratlon of CiBleBb .

to —2.353— (—1.13)= —1.22 kcal/mol due to interaction of estabilized because its narrow waist in the (1,1,1) plane brings
N ) ; . the coplanar Ar atoms between the H atoms of the (HCH)

CB with the two non-kernel second nn Ar atoms in the manner 102y ~p.

described for the SS site. linkages. Atro = 3.77 A, AES2*(CB:Ar1q, (0,0,1))= +6.241

With 1o = 4.17 A, the HI-MO energy difference between Kcal/mol versusa ®.2(CB:Arg, (1,1,1))= 4+21.021 kcal/mol.

e isomers i i Forro = 4.17 A, AES2?(CB:Aryg) = —0.278 kcal/mol and

the CB valence isomers in tHe,, CB:Arig kernel cluster is ' To a5 , AEg, (CB:Ary0) . ' )

very large atA = 6.60 kcal/mol. This result is due to interaction  While AES2(CB:Arg) would also be lowered as increases, it

between the stacked Ar atoms and thesystem of CB as  would remain aboveAES>?(CB:Aryo). The strong stabiliza-
demonstrated by separate HI-M@ESL‘;?(CB:Arn) computa-

tion of the stacked (0,0,1) cluster seen for the DS site would
tions on the planar CB:Arand the stacked A1CB:Ars clusters.  also favor CB lying in the (0,0,1) plane. HI-MO energies for
At ro = 4.17 A theA values are 0.568 and 6.044 kcal/mol,

the DS site energetics are shown in Tabl&/; is adapted to

respectively, for these clusters to demonstrate near additivity the DS vacancy by estimating that 8, rather than 12, Ar atoms
of the small-cluster\ values to theA = 6.60 kcal/mol value. in the kernel-lattice interface layer qualify as first nearest-
Figure 7B shows that the pairs of Ar atoms in low energy neighbors, while ignoring other changes. The leading 12 in the

positions above and below the CB plane acquire repulsive Ar-
interactions when CB automerizes in frozem£geometry.
Rotation of CB about the long axis of the DS vacancy brings
it into the (1,1,1) plane of the CB:Ag¢ kernel cluster. This
configuration can be imagined from Figure 2 by replacing the
two central Ar atoms in Al with CB oriented with its G-C

r1 shell of Via (eq 11) is thus changed to 8(7/12)4.667.
The stabilization energy contribution ofAE(S?

AEUBACB:Arg) + Via to the DS site is only-0.98 kcal/mol,

and this is entered into Table 5 along witf1.84 kcal/mol due

to surface adsorption of 2 Ar atoms. For the DS site stabilization

energy to equal that of the SS site would require more than
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TABLE 7: HI-MO Energies for Double-Substitutional Site
in Ar/CB (CB in (0,0,1) Planep

Redington

TABLE 9: HI-MO Energies for Quadruple-Substitutional
Site in Ar/CB (CB in (1,1,1) Plane}

o AEf(ArAry) AE(CB:Arg AE2 v AEIBZ A o AE(ArAry) AE(CB:Arg) AELSY Vi AEGS% A

3.37 9.9905 27.0846 3.57 6.0547

357 —8.1170 7.4585 3.77 —11.3902 —10.9026 0.4876 0.5911 1.0787

3.77 —13.7808 0.7149 3.97 -—11.8518 —11.5821 0.2697 0.2822 0.5519 1.781
3.97 -—14.1879 —15.6019 —1.4140 0.4388—0.9752 4.17 —10.6217 —10.4928 0.1289 2.4211 2.5500 1.103
4.17 —12.6545 —16.5845 —3.9300 3.5943—-0.3357 6.600 4.37 —8.9373 —8.9178 0.0195 5.8193 5.8388

4.37 —10.6180 —15.1964 —4.5784 8.3015 3.7231 - L .

457 —8.6426 13.8913 @ CB:Arys kernel cluster in Figure 9BAE definitions in egs 3, 4, 6,
477 —6.9161 16.3202 and 13.ry is A and energies are kcal/mélEquation 9. Lead “12” in

a CB:Arig kernel cluster in Figure 7BAE energy definitions in eqs
3, 4, 6, and 13r, is A and energies are kcal/mdélEquation 9. Lead
“12"in eq 11 is adapted to 8(7/12F 4.6667; see text Stabilization
energy contribution—0.98 kcal/mol atro = 3.97 A.

TABLE 8: HI-MO Energies for Triple-Substitutional Site in
Ar/CB (CB in (1,1,1) Planey

ro AE(ArArig) AE(CB:Arg) AESSD Vi AEERTE A
3.57 8.1604

3.77 —10.3688  —8.8359  1.5332 0.7769 23101 1.001
3.97 —10.7587 —11.2361 —0.4774 0.3605—0.1169 0.406
417 —9.6277  —10.9021 —1.2744 3.0077 1.7333 0.145
437  —8.0934 —-9.5795 —1.4861 7.0604 5.5743 0.038

a CB:Ars kernel cluster in Figure 9AAE energy definitions in eqs
3, 4, 6, and 13r, is in A and energies are kcal/mélEquation 9.
Lead “12”in eq 11 is adapted to 9(7/12); see té&@tabilization energy
contribution: —0.12 kcal/mol atro = 3.97 A.

eqg 11 is adapted to 6(7/12); see tex&tabilization energy contribu-
tion: +0.55 kcal/mol at ¢ = 3.97 A.

TABLE 10: HI-MO Energies for Quadruple-Substitutional
Site in Ar/CB (CB in (0,0,1) Plane}

o AE{Ar:Ars) AE(CB:Are) AEZSY VP  AEZSE A
3.57 3.8488

3.77 0.3964

397 —24.2616 —12.9450 11.3166 0.2001 11.5167 O
417 —21.4903 —14.3790  7.1113 1.8066 8.9179 0
4.37 45191

a CB:Args kernel cluster in Figure 7Q\E energy definitions in eqs
3, 4, 6, and 13ro is A and energies are kcal/mdélEquation 9. Lead
“12"in eq 11 adapted to 2(7/12); see tekDestabilized trapping site.

and hcp stacked A1CB:Ar; clusters were separately examined
to isolate ther cloud and coplanar Ar effects on the angular
orientation of CB. In the planar cluster with = 3.77 A, the

kcal/mol from a source that is unique to the DS site, e.g., an conformation with CB rotated by 4Ss stabilized by—0.550
outward displacement of Ar atoms at its waist. The scale of the kcal/mol over the @ and 90 conformations (wheré is only

available displacement energies is indicated byAhaalue for
the coplanar CB:Ap cluster, 0.568 kcal/mol aty = 4.17 A,

and —1 kcal/mol is entered as a reasonable top value

AES™(cluster) into column 6 of Table 5.

The CB molecule fits snugly into the triangular triple-
subsitutional vacancy in the (1,1,1) plane of the unrelaxed HI-

MO Ar lattice with r, = 3.88 A, as seen in Figure 9A. The

relevant energetics are listed in Table 8, where a stabilization

of —0.12 kcal/mol is obtained fromES>?. This is entered

into Table 5 along with—2.76 kcal/mol for the surface

adsorption of three Ar atoms. Figure 9A suggests translation
of CB toward the base of the site and/or outward displacement
of the two coplanar Ar atoms impinged by CH bonds as possible

sources of special site stabilization. Fgr= 4.17 A with CB
on the symmetry axis of hcp stackedsABB:Ars the A value
is only 0.005 kcal/mol, while for planar CB:Athe A value is
0.156 kcal/mol. The sum is a few percent over the= 0.145
kcal/mol value of CB:Ags. Trial HI-MO computations witlrg
= 3.77 A yield relaxation energies in thel or —2 kcal/mol
range for displacements of the above types, but atlues>
3.97 A the relaxation energies are much smaller ardkcal/

34 cal/mol). As suggested by the data in Table 8, this
orientational energy would be reduced fgr= 3.97 A.

In the QS vacancy the rotational axis for CB does not coincide
with the Ars:CB:Ars symmetry axis, and this brings into play
the strong geometry dependence of therfstoud interactions.
When rq is 4.17 A, rotating the CB molecule in 15teps
provides the relative orientational energies 0.000, 0.4746, and
1.0943 kcal/mol at rotational angles d¢f Figure 9B), 45, and
90°. At ro = 3.97 A these values are 0.000, 0.6864, and 1.7759
kcal/mol, and ato = 3.77 A they are 0.000, 0.9393, and 2.865
kcal/mol. The combined coplanar and stacked orientational
energies show that CB:Ayhas the configuration of Figure 9B
with a relatively soft CB librational PEF near the minimum.
With A = 1.781 kcal/mol ato = 3.97 A for the CB:Aig kernel
cluster (Table 9), the above data reiterate the near additivity of
A values computed for the planar and stacked moieties to the
full cluster A value. Allowing —1 kcal/mol for relaxation
energies that are unique to the QS site, e.g., contraction of Ar
atoms coplanar with CB to reduce the free volume of the
vacancy, again leaves it less stable than the SS site as seen in
Table 5.

The QS vacancy with CB lying in the (0,0,1) plane (Figure

mol is again offered for site-specific stabilization energies as

entered into Table 5. The triple vacancy with CB in the (0,0,1) 26.4) ‘ i )
plane was not investigated in detail but it is also expected to be Table 10. TheAEg.™ value of this centrosymmetric configu-
less stable than the SS site. As discussed for the QS (1,1,1)rat|on is very high;+8.92 kcal/mol, probably due to the absence

kernel cluster, the PES of the TS site has a vivid topography of close CB-Ar interactions. This QS site might gain stabiliza-

7C) was examined using a CB:Arkernel cluster as shown in

when the rotational axes for CB andsATB:Ar; do not coincide.

The 4-Ar vacancy shown in Figure 9B for the (1,1,1) plane
is larger than CB and interesting in terms of CB rotational

orientation. If CB is rotated about 45rom its illustrated

position, four of the coplanar Ar atoms nearly match Ar

positions in the CB:ArvdW configuration (cf. Figure 4). With
fcc stacking CB is centered in the CByAkernel cluster at all

tion energy through a shift of CB to offset positions resembling
those of the DS or SS sites.

4. Summary and Concluding Remarks

The HI-MO (MP2/6-31#+G(2d,2p) trapping site stability
ranking for Ar/CB appears in Table 5. The single-substitutional
site is the most stable by a small margin, evidently due to

rotational angles, and it was kept centered when rotated for strongly stabilizing interactions arising through the nearly

computations in the hcp stacked clusters. The planar GB:Ar

congruent shapes of theld, molecule and the SS vacancy in
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the (0,0,1) plane of the fcc Ar crystal lattice. The stabilization ~ Analysis of the oscillating probability density function for a
energy for the SS site is estimated as a very reasonatlé 1-D asymmetric double-minimum PEF using the approach
kcal/mol. Increasing the level of MO theory and, even more presented by Hameka and de la V&gmnvincingly shows that,
importantly, enlarging the kernel cluster to CBjAbpr larger for an asymmetric DM PEF with A offset of 75 cnt! and a

to include then, lattice shell would increase the reliability of  barrier maximum of 1750 cm, an appreciable probability
the estimate for SS trapping site stabilization, in good part by density persists in the high-energy well. In a cold temperature
incorporating directly into the kernel cluster computation several bath the upper ZP level is depopulated but readily accessible,
interaction energies that had to be separately estimated in theand with an appropriate site fluctuation the Ar/CB system can
present work. shift from one equivalent global PES minimum to the other.

Small displacements of the four nearest-neighbor Ar atoms ~ Substitutional sites based amAr vacancies are not only Hl-
coplanar with CB are made to induce rectangular distortion of MO computed to be less stable than the SS site, but they do
the SS site. There is very little additional stabilization energy, MOt provide an experimentally required low-barrier route
but a soft PEF is demonstrated for displacements of this type Petween equivalent global PES minima. Figures 7 and 9 show
in HI-MO Ar/CB. This is an important result because, with CB that inm-Ar sites the valence isomers are locked into a specific
surrounded by a soft layer of boundary Ar atoms, the SS site PES well of the site. The HI-MQ\ values are usually large
can readily distort to provide two equivalent, exchangeable, PES nd, with large intrasite PES barriers to be passed, extreme
minima for occupancy by the CB valence isomers. Between quxpnaI behavior of the lattice (or of the guest) wou!d be
extended sojourns with small site fluctuations localizing the Ar/ équired for the Ar/CB system to transfer between equivalent
CB system to one or the other of the PES minima, there are PES minima of the sites.
larger fluctuations bringing the site to symmetrical configura- _ Dilation of the nearest-neighbor Ar shell of the HI-MO SS
tions intermediate between the two global PES minima. For site is est|mz_iteq as 0.19 A, ar_1d this valu_e is consistent with the
symmetrical site configurations the fast CB automerization 0-3-0-4 A dilations computationally derivé® for Ar/FCHs
coordinate vibrates in a nominal equal double-minimum PEF and for ATFRBCCHF. The HI-MO stabilization energy of4.8

to delocalize the site probability density function. In this state Xc@l/mol for the SS site in Ar/CB is a reasonable value that
the Ar/CB system can readily shift between the two equivalent d_epen_ds on thd/ay function u_sed to approximate the radial
PES minima. The situation is symbolized in Figure 4, where distortion energy of the fcc lattice about the CB guest molecule.
the importaniRl andR, coordinates are emphasized. , This function is irlldepe.r!dent. of any data “F“”g procedu_re;
The HI-MO automerization model readily explains the however, the version utilized in the computations was subjec-

. o . . tively chosen. It is the function most intermediate in character
available matrix-isolation experimental datafor Ar/CB. 13C- Y

NMR and IR polarization measurements on cold Ne/CB or Ar/ between theViay limits of zero damping and full damping of

. N ; the dilation volumeAV in the lattice shells beyond;. This
CB matrix S‘?mp.'es with vicinally dllabelédcz—.CB show that subjective decision is seen to provide highly objective results.
the automerization occurs at rate 10° sec! in the matrix.

. - . . ) There are obvious reasons to expect that HI-MO computations
This lower limit provides room for the soft SS site fluctuations on a system as complex as Ar/CB would lack quantitative
to decrease the fast estimated free molecule automerizatidh rate accuracy. The work presented here, however, provides suf-
by a factor as small as 18in Ar{ CB, W_herg site exchange ficiently comprehensive qualitative and semiquantitative conclu-
must accompany the valence isomerization. There are NOgjqng that the basics of the automerization mechanism become
apparent spectroscopic tunneling doublets in the observedansparent. The mechanism is seen to be in excellent agreement
vibrational spectr&* of matrix-isolated CB despite the predic- it carefully prepared and unique spectroscopic measuretrents
tion!! of a zero-point tunneling splitting of about 11 cinfor

- ¢ reported for the Ar/CB system.
free CB. Analysis of the Raman experim&nted to the
conclusion }hat in the Ar matrix the ZP levels are separatled by  Acknowledgment. The author is grateful to the Robert A.
A = 35 cnT as an experimental observation, atd- 50 cnm Welch Foundation for support of this research.
is estimated from the HI-MO computations for slightly asym-
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