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Abstract: The chemical structure and bonding of &8l and ALC~ have been studied by photoelectron
spectroscopy and ab initio calculations. While/@lis known to be a tetrahedral molecule, the data reported

here suggest that AT~ hasDg4, symmetry (when averaged over zero-point vibrational motions) and thus is

the smallest species identified to date that contains a tetracoordinated planar carbon atom. The experimental
vertical electron detachment energy ofy&f (2.65+ 0.06 eV) compares well to 2.71 eV calculated at the
CCSD(T)/6-31%G(2df) level of theory. The excellent agreement between the calculated and experimental
electron detachment energies, excitation energies, and other spectral features allows us to elucidate the structure

of the tetracoordinated planar-carbon-containingCAl anion.

Introduction disposition of the carbon bonds over the normal tetrahedral
arrangemert: 10 The alternative approach is based on using
mechanical forces exerted by the surrounding ligands bound to

the carbon atork: 15 In the present efforts we consider a species

The basis of the most successful stereochemical concept in
organic chemistry, that of the tetravalent tetrahedral carbon atom,

was published in 1874 independently by van't Heffid LeBeP

The possibility of designing molecules containing a planar
tetracoodinated carbon atom, a task that requires overcoming

for which the electronic effects are most important.
Recently, a set of pentaatomic moleculgs;CShAI,, trans

the inherent preference for tetrahedral bonding, has been pursue§SkAl2 CisCSkGa, transCSpGa, cisCGeAl2, andtrans

for some considerable tinfel® Two approaches to achieving
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CGeAl,, with tetracoordinated planar carbon have been pre- eV), and 193 nm (6.424 eV). The electron kinetic energy resolution of
dicted computationall§.In such species, bonding interactions the apparatus was better than 30 meV for 1 eV electrons at 355 and
between the central carbon and the ligands and among the266 nm and it deteriorated at 193 nm.

ligands arebothimportant in favoring the planar arrangement. .

We believe that understanding the bonding in such molecules COmputational Methods

is crucial to future progress in designing novel molecules and  \ye initially optimized the geometries of A& and ALC~ em-
compounds with tetracoordinated planar carbon. ploying analytical gradients with polarized split-valence basis sets
It is shown in ref 6 that the stability of the predicted planar (6-311G*)%6-28 using the hybrid method, which includes a mixture

tetracoordinated carbon species is related to the occurrence opf Hartree-Fock exchange with density functional exchange correlation
18 Valence e|ectr0nsy Wh|Ch produce thmand oner bonds (BSLYP)Z%31 Then, the geometries were refined at the MP2 level of
to the central carbon atom plus one four-center ligaiigand theory"‘2 with the 6-3_1376* bas_is set_s. For the most stable structures
bond, and four ligand-centered lone p&ftsiccording to the resulting from those initial conSIdergtlons, we also employed the QCSD-
modél of ref 6, 16-valence-electron species such a€ Al (T) method® %% and the same basis sets to even better determine the

. geometries. Finally, the energies of the lowest energy structures were
not be stable abs symmetry because they lack the ligand  (efined by using the CCSD(T) level of theory and the more extended

ligand bond. Indeed for such species, the planar structure hass-311+G(2df) basis sets. All core electrons were kept frozen in treating
been found to be less stable then the tetrahé@ralthough the electron correlation at the MP2 and the CCSD(T) levels of theory,
the situations for 18 and 16 electrons have been resolved, theand all calculations were performed with the Gaussian-94 program.
17-electron case remains to be addressed.

In the current work, we present a combined experimental and Experimental Results
theoretical study on a 17-valence-electron pentaatomic species,
Al,C~. We demonstrate that the combination of anion photo-
electron spectroscopy (PES) and high-level ab initio calculations
can completely elucidate the structures of bothCAl and the
neutral ALC. Our findings confirm that the 16-electrons&l is
indeed tetrahedral, and show that the 17-electrosCAlis
actually planar. To the best of our knowledge, there are no other
experimental data available on &8 and ALC, although a
number of other hyperaluminum molecules;@f¢-20 Al ,0,1721
AN (n = 3, 4)222and ALS (n = 3—9),2% have been studied

in the literature. The substantial stability of the later molecules features (D and E) could be roughly identifiec~a.7 and 4.2

It;s SAI/Je ;Otr:he hr:?rhldttagr;een%fi;ozzlc ﬁzaracti: |”n tht?w bgngg}g eV VDEs. The 193-nm spectrum (Figure 1c) seems to reveal
etween the cenltralatom a s liganas, as wellas the bo Ymore transitions at high binding energies beyond 4.4 eV, but

interactions among the ligand aluminum atoths. they are broad and congested.

The PES spectra of AC~ are rather complicated. The broad
low-energy feature (X) was unusual and could be due to several

The experiments were performed with a magnetic-bottle time-of- sources. It could be due to hot band transitions, excited states
flight PES apparatus. Details of the experiment have been describedof anions, or minor isomers, all of which should depend on the
previouslyz*2 Briefly, Al,C™ was produced by a laser vaporization cluster source conditions to some degree. However, this broad
cluster source. An intense laser pulse (532 nm) from a Q-switched Nd: {5j| always existed even when source conditions were changed
YAG laser was focused onto a pure Al target. Sufficieni® mass gjightly to produce colder clusters. Therefore, we concluded that,
signals were produced due to carbon impurity in the Al target. A mixed even though there could be contributions due to hot bands to
Al/C target was also used, but it favored clusters with high C content L . .
(AL.Cc, x > 1) and AKC- was not produced more abundantly. The the broad featurg (X), the main intensity of this fegture was
clusters formed from the laser vaporization source were entrained in a dU€ to the transition from the ground state of the anion to that
He carrier gas and underwent a supersonic expansion. The anion specie@f the neutral ground state. This suggests a large geometry
in the beam were extracted perpendicularly into a time-of-flight mass -
spectrometer. The AC~ anions were selected and decelerated before g% '\c/'&hfa?f-%hgﬁd?gfgfﬁg’ 35 gbigﬁrgépgs\}\??gghzlgg? 9,5__ V. R
photodetachment by a laser beam. For the current experiment, threej Comput. Chem983 4, 294. ' ' ’
detachment photon energies were used, 355 (3.496 eV), 266 (4.661 (28) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Phys1984 80,

The PES spectra of AC~ are shown in Figure 1 at three
photon energies. The 355-nm spectrum (Figure 1a) shows a
broad low-energy tail (X) and two intense and sharp features
with 2.86 (A) and 3.00 eV (B) vertical (inferred from peak
energies) binding energies (VDES), respectively. A weak feature
(C) at 3.3 eV VDE is also discernible. At 266 nm (Figure 1b),
the broad low-energy tail (X) was enhanced and became a well-
defined feature with a VDE at 2.65 eV. The C feature was also
observed more clearly in the 266-nm spectrum. Additional
higher energy broad features were observed at 266 nm. Two

Experimental Methods

3265 1984.
(16) Cox, D. M.; Trevor, D. J.; Whitten, R. L.; Rohlfing, E. A.; Kaldor, (29) Parr, R. G.; Yang, WDensity-functional theory of atoms and
A. J. Chem. Physl986 84, 4651. molecules Oxford University Press: Oxford, 1989.
(17) Boldyrev, A. I.; Schleyer, P. v. Rl. Am. Chem. Sod 991, 113 (30) Becke, A. D.J. Chem. Phys1992 96, 2155.
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Figure 2. Optimized ALC and ALC™ structures. See Tables-B for
structural parameters.

TA1g3E, 3A2g 3By

nm Table 2. Calculated Molecular Properties of tibay, (?Bag)
Structure of AIC™
B3LYP/ MP2/ CCSD(T)/
R I B I B IS R L property 6-3114+-G* 6-311+G* 6-311+G*
1 2 3 4 5
Binding Energy (eV) R(C—Al 2,3'4'5), A 1.993 1.993 1.992
) - R(Al,—AlL), A 2.819 2.819 2.817
Figure 1. Photoelectron spectra of I~ at (a) 355 (3.496 eV), (b)  E, au —1007.936385 —1005.912335 —1005.971282
266 (4.661 eV), and (c) 193 nm (6.424 eV). The observed detachment y,(g,), cmt 374 383 384
channels are labeled X, A, B, C, D, and E. The vertical lines in partb y,(a,), cm 210 29 59
represent the calculated vertical electron binding energies of the four vs(byg), cm™ 287 307 305
major detachment channels (see Table 4). va(bag), cnT? 207 230 227
vs(bay), cnt 53 26 a7
Table 1. Calculated Molecular Properties of the TetrahedralCAl ve(€y), cmt 602 791 660
Molecule v7(ey), cmt 42 247 142
B3LYP/ MP2/ ccsp(Ty/
6-311+G* 6-3114+-G* 6-311+G* . .
property valid for other tetrahedral molecules, for example, for a species
E&_ Aki&)‘*f))iA %-gég g-g% é-ggg with 16 valence electrons such as@| the tetrahedral structure
27 AI3), . . . 6 2 6 . . . .
Evy AU 1007 868295 —1005.848076 —1005.914193 Shoulq have a 1&1t,62522t,°1€’ electronic conflguratlop, which
va(ar), ot 350 359 363 describes four bonds (1aand 1) and four lone-pair bonds
vo(e), cnrt 97 96 95 (2a and 2$).% This result suggests that each Al ins8l can
va(ty), cm*i 610 637 640 be viewed as monovalent with a 3s lone pair.
va(tz), cm 170 175 175 Al,C~. Addition of an electron to the 1e LUMO dfy Al4C,

which consists of Al 3p orbitals lying perpendicular to the-&l

change between the anion and the neutral ground state. Therdond axes, leads to a#4t;°2a°2t,°L€" electronic configuration
are additional factors causing the complicated PES spectra ofWith a“E state for AIC™, which is expected to undergo Jahn
Al.C-, which possesses an odd number of valence electronsTeller distortion toward @, (*Bzg) geometry (Figure 2). We

and can lead to states with more complicated spin multiplicities OPtimized theD, structure {Bzg, lag?le2a 18 1ng2e,*
as discussed below. 1byg'1e,) at the above three levels of theory (see Table 2 for

final geometry parameters) and found g (°B,g) state to be
a minimum at the B3LYP/6-31G* and MP2/6-31%G* levels
of theory, but a second-order saddle point at the CCSD(T)/
Al4C. At all three levels of theory, B3LYP/6-3#1G*, MP2/ 6-311+G* level of theory. Distortion along the.amode of
6-311+G*, and CCSD(T)/6-311G*, the global minimum of  imaginary frequency leads toG, (?B1) pyramidal (but almost
Al,C was found to have a singl@g (1A;) structure (character-  planar) structure with the carbon atom lying just 0.0056 A above
ized in Table 1 and shown in Figure 2) in agreement with the the Al plane and with an inversion barrier of only 0.002 kcal/
previous MP2(full)/6-31G* calculatiorf§. The optimal geom- mol. Distortion along the fy mode of imaginary frequency leads
etries and harmonic frequencies are consistent at all levels ofto a butterfly typeD»q (°B1) structure (Figure 2 and Table 3),
theory. The tetrahedral structure of,8lis to be expectébased  which turns out to be the global minimum at the CCSD(T)/
on the occupations of the valence MOs in the 32-valence- 6-3114+-G* level of theory. However, the deviation from planar-
electrontetrahedral CF, molecule, 1g1t,52a22t,51e*3t,51t;5. ity in the butterfly structure is also rather small with the energy
The first four (1a? and 1t5) orbitals are the €F o bonds and  difference betweeiDzq (°B1) and D4y (?B2g) being 0.14 kcal/
the remaining 12 orbitals are lone-pair orbitals localized on F mol. Therefore, when zero-point vibrational motion is consid-
atoms, lying perpendicular and parallel to the Ebond axes. ered,the vibrationally averaged structure is actually planar
The above orbital occupancy clearly describes a situation with  The propensity of 17- and 18-valence-electron pentaatomic
four o0 bonds and no net bonding or antibonding interactions systems to achieve planarity can be understood by considering
among the ligands. If we assume that this order of MOs remains of the 1 HOMO (Figure 3), which is clearly bonding with

Theoretical Results
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Table 3. Calculated Molecular Properties of ti@&, (°B;) Saddle
Point and theD,q (?B1) Global Minimum of the AIC~ Anion

CCSD(T)/6-31#G*

property Dag Cu
R(C—Al2349, A 1.990 1.992
R(Al,—AlL), A 2.827 2.816
OAI,CAls, deg 169.2 176.2
Eton aU —1005.971512 —1005.671286

respect to ligangtligand interactions and plays a key role in
maintaining planarity. Why the AC™ anion is not exactly planar
most likely has to do with the size of the “cavity” in the planar
Al cluster; a similar observation was made in the B85i
casefP To achieve perfect planarity one could use isoelectronic
but larger ligands such as Ga or In in place of Al. Thus, we
expect that planar (or quasiplanar) structures will also occur in
CAl,G&~, CGa, and neutral 17-valence-electron species such
as CALSI, CAl,GaSi, CAIGasSi, CGaSi, CAl;Ge, etc.

Alternative Structures. For both the neutral AC and ALC~
we also considered other structures with different spin multi-
plicities and geometries.

For the triplet state of AIC, we do not expect a tetrahedral
structure because the,2#,52a22t,°1€' electronic configuration
is not stable toward JahiTeller distortion. We performed
geometry optimization for this triplet state of A without any
symmetry restriction which generated a local minimum planar
structureCy,, °B; (1a?2a21,?3a%1b%4a%2b,°5513,1) 1.01
eV (MP2/6-311-G*) higher in energy than the singlet tetra-
hedral structure.

Next, we considered structures with one Al atom coordinated
outside a CAJ cluster. Geometry optimization of the AICAI
Al (Cy,, TA)) structure withinC,, symmetry converged toByp,
A4 structure which is a saddle point 0.85 eV (MP2/6-30*)

Li et al.

eV for Al4C (T4, A1) — Al3C (Ca, 2By) + Al (?P) (all at the
CCSD(T)/6-311%G(2df) level of theory).

Interpretation of the Experimental Spectra

The deviation from planarity in AC™ is below the ZPE
corrections and therefore we consider that electron detachment
occurs from théDan (?Bg) planar structure in our interpretation
of the experimental photoelectron spectra. In Table 4 we present
the results of our calculations of the four major low-lying vertical
one-electron detachment processes fronDhe(?B,g) state of
Al,C~. The four calculated detachment channels are also shown
in Figure 1b as vertical bars.

Feature X. The lowest vertical electron detachment should
occur by electron removal from the JgHOMO. The broad
feature X (Figure 1) peaking at 2.65 0.06 eV agrees well
with the calculated VDE of 2.71 eV [CCSD(T)/6-31G(2df)]
from the 1bHOMO. The 1hg-orbital (Figure 3) is a ligand
ligand bonding MO composed primarily of 3s and 3p atomic
orbitals (AOs) of the aluminum atoms. Therefore, we assign
feature X to the (X, AIC™) — (X, Al4C) transition. The broad
nature of this transition is consistent with the fact that neutral
Al,C is tetrahedral while AC™ is planar, so the adiabatic
transition requires a large geometry deformation. Indeed,
according to our calculations, the adiabatic detachment energy
(ADE) is 1.93 eV [CCSD(T)/6-311G(2df)], which is substan-
tially smaller than the 2.71 eV VDE. Feature X was observed
as a structureless band in the PES spectra (Figure 1) because
the experimental resolution was not sufficient to resolve the
low-frequency vibrations in this band. Thus, the ADE could
not be reliably obtained experimentally, as is clear from the
long tail of the PES spectra at the low binding energy side (Fig-
ure 1). The calculated ADE of 1.93 eV is consistent with the
onset of the PES signal around 2 eV, as seen from Figure 1.

higher in energy than the singlet tetrahedral structure. Geometry Features A, B, and C.Removal of an electron from the 2e

optimization of the CAJAl (Cs,, A1) structure with the carbon
atom coordinated to a face of a tetrahedral éluster within
Cs, symmetry converged to thi, A1 structure. Therefore, all

MO (HOMO-1) of Al,C™ leads to a (1la?le*2alaplb?-
2e°1hy4'1e,%) electronic configuration for the AC neutral,
which can result in both a triplet and a singlet state. The

alternative structures were found to be higher in energy than theoretical methods employed in this work do not allow us to

the Tg, A1 structure from which we conclude that thg A;
structure detailed in Table 1 and Figure 2 is the global minimum
for the Al,C molecule.

For the quartet state of AT~ we do not expect B4, structure
because the 1gle*2ala 126 1416, electronic con-
figuration is not stable toward Jahifeller distortion. We
performed geometry optimization for this quartet state Al
without any symmetry restriction which converged tcCg,
A1 (laR2a?1e'3a22et4a136%) local minimum structure, which
is 1.72 eV (MP2/6-31+G*) higher in energy than the doublet
Dan (°Byg) structure.

Next, we considered anion structures with one Al atom
coordinated outside the CAtluster. Geometry optimization
of the AICALAI~ (Cy, 2B;) structure withinC,, symmetry
converged to th®ap, 2Byg Structure. Geometry optimization of
a AICAILAI~ (Cy,, *By) structure withinC,, symmetry converged

rigorously calculate the singlet state (because of the muticon-
figurational character of the reference wave function), but the
triplet state can be treated with more reasonable accuracy.
According to our CCSD(T)/6-3G(2df) calculations, the VDE
leading to the triplet state is 2.88 eV, which is in excellent
agreement with experimental feature A (Figure 1) at 2.86 eV.
We therefore assign this peak to removal of an electron from
the 2¢ orbital (HOMO-1) to produce triplet AC. This 2¢
orbital is a primarily nonbonding MO (Figure 3) and is
composed of a 2p AO of carbon and=33p hybridized AOs of
the aluminum atoms. The removal of the, 2éctron results in
a triplet state, which is Jahtfireller unstable and splits into two
components as the Abquare distorts into a diamond shape.
We therefore assign feature B at 3.00 eV to be the second
component of this JahkfTeller splitting of the triplet state.

The fourth detachment feature (peak C, Figure 1), observed

to a structure, which is a second-order saddle point, 2.05 eV at 3.3 eV VDE (Table 4), is assigned to the singlet state resulting

higher in energy than thBa (?B2g) structure. Therefore, all

from removing an electron from the same, B&0. This feature

alternative structures were found to be higher in energy than and features A and B are all considerably sharper than the

the D2 (°Bzg) structure, and we conclude that tBeq (°B1)
structure detailed in Table 3 and Figure 2 is the global minimum
for the AlyC~ anion.

Both theDyy Al4C~ anion and thély Al4C neutral molecule

ground-state feature X. The relative sharpness of these three

detachment channels suggests that the geometry changes are
smaller upon removal of a 2electron from AIC~ and that

the corresponding neutral states may possess similar quasiplanar

are very stable toward dissociation. Representative dissociationstructures as that of the anion. This is understandable because

energies were calculated to be as followsE = 2.41 eV for
A|4C7 (DZd, ZB]_) — Al 3C7 (ng, 1A1) + Al (ZP) andAE = 3.05

removing an electron from the 2erbital only weakly disturbs
the quasiplanar geometry, although it may induce some excita-
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2e,-HOMO-1

1a2,-HOMO-3

1b1g-HOMO-2

2ey-HOMO-1

Figure 3. Molecular orbital pictures foD, Al4C~, showing the HOMO (1&), HOMO-1 (2¢), HOMO-2 (1bg), and HOMO-3 (1a,).

Table 4. Calculated and Experimental Electron Detachment this MO results in two state$B;, and!By,. According to our
Processes of AC™ (Dan, “Bzg lag’lef2aglan 1 2e 1hyg'1ey) CCSD(T)/6-313G(2df) calculations, the VDE for thiB,, final
exptl  electron detachment theoretical state is found to be 4.30 eV, which is in good agreement with
state VDE (eV) from MO VDE?2(eV) ADE? (eV) the experimental value obtained for feature E (Figure 1). The
X 2.65(6) b 271 1.93 PES features at higher binding energies were especially
A 2.86(6) 2¢° 2.88 complicated and less well resolved. Nevertheless, the qualitative
B 3.00(6) 2¢8 agreement between the calculation and the experiment lends
C 3.30(6) 2¢P strong support for this assignment for feature E.
D ~3.7 1b 3.77
E ~42 laf 4.30 ) .
- Discussion
2 At the CCSD(T)/6-313G(2df) level of theory with CCSD(T)/
6-311+G* geometry.? Final singlet stateS Final triplet stated Due to The overall agreement between the experimental PES spectra

Jahn-Teller splitting of the triplet state. and the theoretical calculations is quite satisfying. Despite the

apparent complexity of the PES spectra of@t, the calcula-
tions allowed us to make semiquantitative assignments of all
the major spectral features. In particular, the excellent agreement
between the calculations and the experiment on the energy and
broadness of the transition to the ground state g€Adrovides

tion of Al—C stretching modes because of its small antibonding

nature. More importantly, the 3MO, which is important for

planarity, is still occupied in all three detachment channels.
Feature D. According to the la?le*2a’la2lbP2e,*-

1y t1eP ground-state configuration of AT, the next detach- .
me?\t eghgnnel should invglve removal of agtelectron, strong support for the planar structure of theq@i anion and

o the tetrahedral structure for the48l neutral. The quasiplanarity
resulting in two statedA,q and!A,, (lafle*2aflap 2lbgl- oo . S .
26 1,167, Our CCSD(T)/6-312 G(2dl) calculations yielded ~ ©f Al«C indicates that occupation of the ligantigand bonding
a VDE for the3A final state of 3.77 eV, which is in excellent MO, 1by, is critical to achieving planar geometry. As a re-
agreement with feature D at3.7 eV (Figure 1b). The 1 sult, excited s;ates of AC involving occupatlon of the 1 _
orbital is a nonbonding MO composed primarily of the 3s AO MO are also likely to be planar or quasiplanar. The relative
of aluminum atoms with some hybridization with the 3p AO sharpness of the photodetachment features corresponding to the
(Figure 3). For the reason we discussed earlier, we could not”A B, C, and D (Figure 1) features is consistent with this
calculate the singlet open-shé, state, which might cor- observation and suggests that these neutral states may in fact
respond to the weak feature observed near 3.9 eV. be planar.

Feature E. The next detachment channel should be due to  The high vertical and adiabatic electron detachment energies
the removal of an electron from the1&MO, which is weakly of Al,C~ (2.65 and 1.93 eV, Table 4) show the strong ligand
C—Al z-bonding and mainly composed of the out-of-plage p ligand bonding in the 1jy3 HOMO which is composed of
AO from the central C with some&-bonding from the pAOs electropositive aluminum orbitals (Figure 3). We can estimate
of the ligands (Figure 3). Again, removing an electron from the strength of this bonding by comparing the electron affinity
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of atomic Al (0.4414 0.10 e\?®) with the 1.93 eV adiabatic ~ Conclusions

EA of Al,C. The difference between 1.93 and 0.44 eV represents  The pentaatomic AC~ molecule with a tetracoordinated

Fhe strong stabilization arising when the aluminum ligand atoms planar carbon (averaged over the zero-point energies) was

interact to form the 1 HOMO and then produce the 1-electron,  experimentally observed for the first time. Planarity in@it

four-center chemical bond. is achieved through liganedigand bonding interactions in the
We calculated the vertical electron attachment energy (VEAE) HOMO. While the central cavity in the AC~ anion is a bit

of an electron into the 1e LUMO at tfik structure of neutral  too small to accommodate the carbon atom at the potential

Al4C using the OVGF/6-31tG(2df) level of theory. This  energy surface minimum, vibrational averaging results in an

VEAE (0.93 eV) obtained is much smaller than the 1.93 eV essentially planar structure. To achieve perfect planarity at the

adiabatic electron attachment energy (AEAE), showing the potential energy surface minimum, one can use larger ligands

importance of planarization upon formation of 48 to such as Ga, Ge, In, or Sn to better accommodate the carbon

achieving maximum stabilization in the bonding. atom in the center of the cavity. We also expect that neutral
These findings suggest that a wide variety of planar molecules pentaatomic molecules, such as g&i| CAl,GaSi, CAIGaSi,

with 17 or 18 valence electrons can be designed. Several suchCGaSi, or CAkGe, should be good candidates for further search

planar molecules have already been predicted theoretically byfor pentaatomic species with planar carbon.

replacing two of the ligand Al atoms with Si or G&he central

C can also be replaced to achieve planarity. We noted that Al

and ALN-, which have been studied previously, are both

planar?-22The latter is particularly interesting because the anion c : he University of Utah f ime. Th

Al,N~ has 18 valence electrons with a closed shell electron omputations at the University of Utah for computer time. The

configuration, which should result in simple PES spectra be&':lusee)(pe”mental work done in Washington is supported by the

only doublet final states can be accessed. That was indeed borrﬁ/\lvzgon;lfgfr'neggz,:: ?hu;(\j/stloRn %ngi%ﬁZiaeﬁ?j i/)l(glizlzmg?t
out in our previous PES study.Planar molecules involving P L y

other central atoms, such as Si, P, or Ge, are likely to exist andE;'%nSE?ng%?é?(;}/ ,Bailor:ggi?;g?l ;ﬁ:jeg'\ﬁr%ienzgictgfy;gsgjgﬁd
would be extremely interesting to investigate. and located at Pacific Northwest National Laboratory, which is
(37) MO pictures were made with MOLDEN3.4 program. G. Schaftenaar, Operated for DOE by Battelle under Contract DE-AC06-76RLO
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