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Combined experimental and theoretical treatment of the dipole polarizability of B, clusters
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The frequency dependence of the dipole polarizabiify) of P, is obtained from refractive index mea-
surements on gaseous phosphorus by means of asymmetric white-light interferometry. The experimental re-
sults obtained in the range between 10000 and 30300%cyield an extrapolated static value ef
=91.71(92)32a(2)Eg1. An extensive theoretical study, based on finite-field many-body perturbation theory and
coupled cluster methods, leads to a theoretical estimate at zero frequeney3#.2(0.9) eZaSE,]l at the
experimental bond lengtR,=2.1958 A. For the symmetric stretch of the molecule the dipole polarizability of
P, varies aroundR, as [a(R)— a(Ro)]/e?asE,'=34.02AR+3.68AR?— 0.2 R® showing an essentially
linear dependence on the change of the P—P bond distaRee(R— Ry)/a,. The dipole polarizability per
atom is significantly smaller than that of the phosphorous atom 2%‘2%;1. This differs from the corre-
sponding change of in the homologous Ascluster, where the single atom value is very close to the
polarizability per atom of the cluster.

PACS numbds): 36.40.Cg, 33.15.Kr

[. INTRODUCTION electric moments are useful quantities as they are relevant to
the analysis of interaction-induced far-infrared spectra of tet-
The structure of phosphorous clusters has attracted cofiahedral moleculef9]. There is also interest in the dipole-

siderable attention in recent yeas—5]. Little is known gquadrupoleA) and dipole-octopol€E) polarizability of sys-
about the electric properties of these systems. To our knowi€ms of this symmetry due to their importance for
edge, only the properties of the dimer have been studiedMtermolecular interaction studieg10], collision- and
Lawson and Harrison reported a study of the electric quadintéraction-induced spectroscofl], and, in particular, the
rupole moment[6], Glaser et al. [7] self-consistent field V€'Y recentwork on collision-induced light scattering in gas-
(SCH values of the quadrupole moment and the dipole po_eous .B [12]. In a}ddlt!qn we obtain very accurate values for
larizability and Maroulig8] SCF values of the electric mo- f[he dipole _polar|_zab|!|ty of the phqsphorous atom. We are
ments, the dipole, and higher polarizabilities. In this pape'mterested in estimating the quantity(P,) —4«(P), which

we report a joint experimental and theoretical study of the"aY offer insight into the type of bonding in,P
dipole polarizabilitya of the tetrahedral Pcluster. The ex-
perimental results of the frequency dependence (@) are
obtained from density-dependent gas-phase refractivity mea- The dipole polarizabilitya(w) of P, is obtained from
surements on phosphorus vapor. To this end we use mongas-phase refractive index measurements as a function of gas
chromatic measurements performed at four discrete wavedensity o, temperaturel, and frequencyw. The apparatus
lengths as well as quasicontinuous measurements with @ésed consists mainly of an evacuated Michelson twin inter-
broad-band radiation source. Our theoretical efforts rely orferometer which is described in detail elsewhéis,14].
finite-field many-body perturbatiofMP) theory and coupled This interferometer is specially designed for working at
cluster (CC) techniques. We have designed a sequence diigher temperatures. Two types of refractive index measure-
large, flexible, carefully optimized basis sets of Gaussianments are performed. Monochromatic measurements are per-
type functiong GTF9 for P,. This is an essential part of our formed at four different vacuum wavelengths of;
study, as nothing is known about the electric properties 0&=632.99 nm, \,=543.516 nm (both HeNe lasels A5
this system. An elucidation of the computational aspects of=441.686 nm, and ,=325.130 nm(both HeCd lasejs The
our calculations is expected to be of importance to futurecorresponding frequencies are 0.07 19812, 0.0838307,
work on P, and related systems. In addition to the dipole0.103 1578, and 0.140 138All in atomic unitg 15]). In this
polarizability «, we have also calculated the electric octo-case an amourh of red phosphorugpurity >99.999%) is
pole (2) and hexadecapoled®) moment, the dipole- filled into the cylindrical sample cells. These cells are evacu-
quadrupole A), and dipole-octopol€E) polarizability. The ated and fused off. After putting one cell into one arm of the
interferometer the cell is heated by means of a pipe furnace.
The evaporating sample causes an interference fringe shift
*Author to whom correspondence should be addressed for thAN(T,\). The refractivity[n(\,Tg,0)—1] at temperature

Il. EXPERIMENT

experimental part. To where complete evaporation has been achieved is related
TAuthor to whom correspondence should be addressed for thto the totally recorded interference fringe sh¥tN(Tg,\)
theoretical part. via
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TABLE I. Experimental conditions and measured refractivities1l of phosphorus vapor.

o (molm™3) T(K)?® 10°[n(\,)—1] 10°[n(\,) —1] 10°[n(\z)—1] 10°[n(A,) —1]

8.364932) 798.65 47.74619)
515.55 45.38645) 46.09046)
516.65 45.25015) 45.98246)
513.15 45.25015) 45.98245)
513.55 46.99617) 51.33896)
514.95 51.24(B2)
11.46547) 543.65 61.33®1) 62.28763)
544.45 61.08661) 62.07062)
540.25 61.02(B1) 61.96162)
545.15 63.60G14)
546.65 63.42614)
15.80663) 806.45 84.7303) 86.05757)
537.65 83.65(3) 84.97157)
541.65 83.02663) 84.42857)
542.40 83.78®3) 85.08057)
540.15 83.78(®3) 85.08057)

&The uncertainty ifT is less than 1 K.

AN(Tg, M)A ture a possibly small temperature dependence of the dipole
n(\,Tg,0)—1= G (1) polarizability on account of rotational and vibrational excita-
L0 tion is not detectable. In our experiments the maximum tem-

/(To) is the length of the sample cell &, These non- perature used was 806.45 K. At this temperature the partial

isothermal measurements are performed at three differe€SSure of pis absolutely negligibl¢17,18. Therefore, all
densitieso =m/V, whereV is the volume of the sample cell. experimental results refer to the, Bluster. In Fig. 1, our

The experimental conditions and measured refractivities arg*Perimental results are displayed. The full curve is the
given in Table I. After complete evaporation of the sampleM€an of three independent white-light measurements of the

isothermal measurements B, 0(To) of the frequency de- refractivity spectrum of gaseous.Prhese measurements are

pendence of the refractivity are performed by means ofarried out at the three different densities given in Table I. It

asymmetric white light interferometry. This special tech-Can be seen that the experimentaligl)oir?t recorded gt
nique yields a quasicontinuous refractivity spectrum in the=441.686 nm (3=0.1031578E,# ") is in perfect
range between 400 and 1000 nm with a resolution of aboi#dreement with the quasicontinuous measurements. This
3.7 cm! [13,14. Asymmetric white-light interferometry strengthens the quality of our white-light interferometric

only yields a relative dispersion curve. The obtained refracf€chnique. In order to obtain the polarizability at wave-

tivity, therefore, is fixed to the two measured values\at lengths not use_d in our experiments we _have to extrapolate
and . our results. This has been done according to a three term

Cauchy formula

IIl. EXPERIMENTAL RESULTS () =S(—2)+S(—4)w?+S(—6)w. 3)
The monochromatic measurements are evaluated accord-

ing to the relation ;: 110} o
Ng ’
n(\,T,0)—1=2mNeada(\,T). ) b 105
3. S 100}
N,=6.022136 ¥ 10?®> molm2 is the Avogadro constant. S 0o2
We use a constraint fit which ensunes1 atp=0. For the 95} °
four monochromatic wavelengths used we obtain the dipole e
polarizabilities  a(\;)=95.08(25) e%a2E;Y,  a(),) % 005 01 0.15
=96.57(25) e?a2E,t, a(\3)=99.75(57) e?a3E,", and o/ Byt

a(N4)=109.29(10) e’agEy ", respectively. In all cases @ g 1. Frequency dependence of the dipole polarizahilty)
linear dependence af—1 on e according to Eq(2) is ob- o p, clusters. Full curve, quasicontinuous results obtained by
served which means that collision-induced effects are nofeans of asymmetric white-light interferometry; dashed curve, fit
detectable at the densities used in our experiments. Moregcording to Eq(3); ®, monochromatic measurements, this work;
over, we do not observe a systematic temperature depers, monochromatic measurements REE6]; [J, ab initio result,
dence ofa(N,T). We conclude, that in our range of tempera- this work.
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TABLE Il. Basis sets designed for,Rnd used in this work.

Basis set No. CGTF Description

AO=[6s5p2d] 124 From (149p)/[5s4p]
+5(0.041 194 037¥ p(0.031 9966 25)
+d(0.4013,0.0745)

Al=[6s5p3d] 144 From AG+d(0.1729)

A2=[6s5p3d] 144 From AG+d(0.0321)

A3=[6s5p3d1f] 172 From AG+d(0.0321)+ f(0.0745)
Ad=[6s5p4d2f] 220 From A d(0.0321)+ f(0.0745,0.0321)
A5=[6s5p4d2f] 220 From AH-d(0.03211f(0.4013,0.0745)

A least squares fit yields the Cauchy mome®s-2)  the dipole polarizabilityr andf GTF chosen to maximize the
=91.712), $(-4)=567(4), and S(—6)=1.814(27) quadrupole polarizabilityA. We have followed a computa-
x 10%. Taking into account the uncertainty of the two abso-tjonal philosophy developed in previous woig6]. Details
lute valuesa(k;) and a(N;) we deduce an experimental of the construction are available from the corresponding au-
value of the static dipole polarizability of(0)=S(—2)  thor[37]. For B, we have used a (58p)[5s4p] substrate
=91.71(92) e’adE;". [38]. This initial set was augmented by diffuse GTF to
Our experimental results can be compared to refractivg6s5p]. Furthermore, we added in succession eh&TF
index measurements reported by Cuthbertson and Metcaligith exponent chosen to minimize the energy of the free
[16]. Their results are also displayed in Fig. 1. The threemolecule and one diffusd GTF with exponent chosen to
values are higher by approximately 1.3%. The frequencymaximize the dipole polarizability. The resulting basis set
dependence obtained by Cuthbertson and Metcalfe is smallegs5p2d], hereafter AO, was systematically increased to ob-
than the results reported in this work. Extrapolation to zerqain the remaining sets used in this work. Their composition
frequency vyields a static polarizability ofa(0) s given in detail in Table Il. All optimizations onRvere
=93.0(0.1) e?ajEy ", a value which is also slightly higher carried out at the experimental bond lendh=2.2228 A
than our experimental estimate. [39]. Our knowledge of this fundamental quantity was im-
proved by more recent experimental wddQ]. All subse-
quent calculations for the dipole polarizability were per-
IV. THEORY AND COMPUTATIONAL STRATEGY formed at the new value of 2.1958 A while electric multipole
There is only one independent component for the octopol@0oments, dipole-quadrupole and dipole-octopole polarizabil-
and the hexadecapole moment of a system of tetrahedrii€s. by-products of our investigation, are reported for the
symmetry as P[19]. There is also only one independent _old bond Iength. TheAussIAN 94 set of programs was used
component for the dipoled(, ), dipole-quadrupoleA, z,), " all calculations41].
and dipole-octopoleK,, 4,5 polarizability tensorg19,20.

The computational strategy for the extraction of these mo- V. RESULTS AND DISCUSSION
lecular properties from finite-field calculations has been pre- _ _ S
sented in detail in previous work on GH21,22, CF, Table IlI lists the dipole polarizability values for,PThe

[22,23, and Sk [24]. We rely on many-body Mier-Plesset smallest basis set used on, FAO, yields a SCF value of
(MP) perturbation theory25,26 and coupled clustefCC)  91.11 fora/e?a3E,!. The two largest sets A4 and A5 give
techniqueg 27—29 for our post-Hartree-Fock calculations. 91.38 and 91.53, or 0.3 and 0.5% above the AQ value. Thus,
Extensive presentations of the computational aspects of theur SCF values are quite stable. We have obtained MP and
application of these methods may be found in previous workCC results with sets A0, Al, and A2, MP4 values with sets
[30—34. The MP levels of theory employed in this work are A3, A4, and A5. The total electron correlation correction
second orde(MP2), fourth order with contributions from (ECC) for the dipole polarizability is surprisingly small.
single, double, and quadruple substitutions from the referWhat is more, the MP4 and CC$D results are quite close.
ence wave functiofSDQ-MP4 and complete fourth order For sets A0, Al, and A2 the total electron correlation cor-
(MP4). The CC techniques are CCSD, single and doubletection, ECC= CCSD(T) -SCF, barely exceeds 1% of the
excitation coupled cluster theory and CG3WD which in- SCF value. Let us concentrate on the correction
cludes an estimate of connected triple excitations by a pelECC = MP4-SCF obtained with A3, A4, and A5. We ob-
turbational treatment. serve that the respective absolute differences are (A88
Basis set construction and computational detaNg¥e  1.86 (A4), and 0.88(A5). Thus, for the three largest basis
have designed a very large basis set for our calculations ogets the predicted electron correlation effect is in the range of
the phosphorous atom. We have used as starting point a vely-2%. A4 and A5 are of the same size, but A4 is more
large, uncontracted basis set consisting ofs(B®) GTFs diffuse than A5(see Table . The stability of our results
[35]. We augmented the initial substrate to $26p10d3f) leads to an estimate af=93.2(0.9) e’a2E,, for the dipole
by adding diffuses andp GTFs,d GTF chosen to maximize polarizability of B,. Within the uncertainty limits this theo-
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TABLE Ill. Theoretical valuegthe 20 innermost MO were kept TABLE V. Dipole polarizability of the phosphorous atom ob-
frozen in all post-Hartree-Fock calculationsf the dipole polariz- tained in this work[basis set(uncontractey 21s16p10d3f, 140
ability of P, at the experimental-2P bond length of 2.1958 A. CGTF; the innermost AO was kept frozen in the post-Hartree-Fock

calculation.
Basis set No. CGTF Method  a/e?aiEg"
Method ale?ajEy’
AO=[6s5p2d] 124 SCF 91.11
MP2 93.47 SCF 25.42
SDQ-MP4 91.89 MP2 25.10
MP4 93.09 MP4 25.09
CCSD 91.71 CCSD 25.11
CCsOT) 92.45 CcsOT) 25.22
Al=[6s5p3d] 144 SCF 91.29 NHF 2 25.469
MP2 93.47 Estimaté® 24.4-24.8
SDSI;TPA' 3218877 aNumerical _Hartree-Fock value_by SFie_hIer and Hip4&]. _
ccsD 91'77 bFrom relation between bond dissociation energy and dipole polar-
cesom) 92.'32 izability [43].
A2=[6s5p3d] 144 SCF 91.18
MP2 93.50 Our unrestricted Hartree-FodiJHF) values for the di-
SDQ-MP4 91.78 pole polarizabilitya/ezagE,]1 of the phosphorous atom are
MP4 92.90 given in Table IV. Our SCF value is 25.42, very close to the
CCSD 91.78 numerical Hartree-Fock result of 25.4692]. Clearly, the
ccsoT) 92.52 basis set employed in our calculations is of Hartree-Fock
A3=[6s5p3d1f] 172 SCF 91.23 quality. We expect the post-Hartree-Fock values in Table IV
MP2 93.71 to be of high accuracy as well. At the highest level of theory
SDO-MP4 9211 we obtain a CCSDI) value of 25.22, barely 0.20 below the
MP4 9331 SCF one. All other methods predict values quite_ close to t_he
A4=[6s5p4d2f] 220 SCE 91.38 ab_ove. Several years ago we ha\(e pbserved a linear relation-
MP2 93.86 ship between the _bon_q dlssoqatlon ener@y and the_
SDQ-MP4 9224 change qf the polarl_zabllltﬁa during the course-of a che_zml-
MP4 93.24 cal reaction according tﬁ(?:a_f bSa [43]. Sa is the dif-
A5=[6s5pad2r] 220 SCE 91' 53 ference between the polarizability qf the products and that of
: the reactants, the parameters bemnrg0.2137 a.u. and
MP2 93.23 =0.0405 a.u. Using the dissociation energp,
SDI\(/?I;'Z'M 321;111 =0.4527 Ey for the reaction P— 4 P [17,44] we obtain

a=(24.4-24.8) e’a’E" for the polarizability of the phos-
phorus atom. This estimated value is also in reasonable
ra\greement with thab initio calculations. It turns out that the
polarizability of the isolated phosphorus atom is higher by

retical result is in good agreement with our experimenta

value ofa=91.71(92) eZaSEH'l. , ~9% than that ba P atom inside a Pcluster. This result
We have used the A3 basis set to obtain t_he _depe_nden%ould be compared to the higher homologug, A¢here the
of & on the P—P bond length for the symmetric distortion of yhserved change in the polarizability is negligibly small and
the system. We find in the order of 19433]. In Table VV we show electric moment
and higher polarizability values of thg Bluster calculated at
[@(R)— a(Ry)]/e’ajE, ' =34.02AR+3.68AR*~0.20R%,  the SCF and MP2 levels of theory. The SCF results display
(4 remarkable stability for such high order properties. Surpris-
ingly enough, electron correlation effects are very important
where AR=(R—Rg)/a,. This curve shows an essentially for 1 and ®, but less so for the dipole-quadrupole and
linear dependence on the change of the P—P bond length. dipole-octopole polarizability. These results are a by-product
is noteworthy, that by using the pre-1999 P—P bond length off our present investigation, but nevertheless we expect our
2.2228 A, theab initio value of the dipole-polarizability will MP2/A3 values to represent a fairly accurate prediction for
be a=95.0(0.9¥?a3E,*. The error bars of the experimen- all properties. The theoretical results for the dipole-
tal and theoreticakr do not overlap in this case, indicating guadrupole and dipole-octopole polarizability may be com-
that the old P—P bond length in the Bluster is too large. pared to recent experimental results obtained from depolar-
We find that precise experimental results and high-lael ized collision-induced light scattering measuremefritg].
initio calculations of the dipole-polarizability give a hint to The experimental resultsA=77(26)?agE,,* and |E|
an erroneous value of the bond length reported in the litera=3.06(41)x 10° e?agE," are obtained af =1000 K and
ture [39]. A=514.5 nm. Our MP2 value oA=85.1 e’ajE," is in
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TABLE V. Octopole ) and hexadecapolel) moment, dipole-quadrupoléA], and dipole-octopole
(E) polarizability of P, at a P—P bond length of 2.2228 A.

Basis set No. CGTF Methdt Q [0} A E
[6s5p2d] P 124 SCF —6.66 -18.1 87.0 —-157.1
MP2 1.30 -335 83.6 —156.7
[6s5p3d] © 144 SCF -6.95 -15.8 87.9 —-164.5
MP2 0.91 -32.3 85.4 -162.4
[6s5p3d1f] ¢ 172 SCF ~7.43 —14.5 88.9 —~165.8
MP2 1.04 316 85.1 ~159.0

&The 20 innermost MO were kept frozen in all MP2 calculations.
bSame as AO.

9 6s5p2d]+d(0.0321). Same as A2.

9A2+(0.0745). Same as A3.

good agreement with the experimental findings, however, thiength can be estimated. Additionally we have shown, that
predictedE = —159.0 ezagEgl is much lower than reported the polarizability of a single P atom is higher by 9% than the
in Ref. [12]. However, the latter discrepancy is to be ex-correspondingy of a P atom inside the cluster. This strong
pected due to the severe difficulties in evaluating Bhen-  change of the polarizability is due to the high bond-energy of
sor from the collision-induced light scattering measurementghe atoms inside the cluster.

[12,24].

V1. CONCLUSIONS ACKNOWLEDGMENT

Our combined accurate experimental and theoretical treat- Financial support of the Deutsche Forschungsgemein-
ment of the dipole-polarizability of the ;Rcluster yields a  schaft is gratefully acknowledged by Uwe Hohm and Achim
static valuex(0) from which even bounds on the P—P bondLoose.

[1] M. Haser, U. Schneider, and R. Ahlrichs, J. Am. Chem. Soc. 1e?a2E;1=1.64877&10°* C?m?JY, dipole-quadrupole

114, 9551(1992. polarizability A, 1e’alE,'=8.72495&10 % C?m*J7Y,
[2] P. Ballone and R. O. Jones, J. Chem. PHyX), 4941(1994. dipole-octopole polarizability, E, 1e2agEgl=4.617 048
[3] C. H. Hu, M. Shen, and H. F. Schaefer I, Theor. Chim. Acta X107 Cc?m*J L
88, 29(19949. [16] C. Cuthbertson and E. P. Metcalfe, Proc. R. Soc. London, Ser.
[4] M. Haser and O. Treutler, J. Chem. Phy€2 3703(1995. A 80, 411(1908.
[5] B. Persson, R. Taylor, and T. Lee, J. Chem. P, 5051  [17] H. Bock and H. Miler, Inorg. Chem 23, 4365(1984).
(1997. [18] K. Roth, J. Kortus, M. Herms, D. Porezag, and M. R. Peder-
[6] D. B. Lawson and J. F. Harrison, Mol. Phy&3, 519 (1998. son, Jpn. J. Appl. Phy&8, 989(1999.
[7] R. Glaser, C. J. Horan, and P. E. Haney, J. Phys. Cl#&tn. [19] A. D. Buckingham, Adv. Chem. Phy42, 107 (1967.
1835(1993. [20] P. Isnard, D. Robert, and L. Galatry, Mol. Phy&l, 1789
[8] G. Maroulis, Z. Naturforsch. A2, 564 (1997). (1976.
[9] E. R. Cohen and G. Birnbaum, J. Chem. Ph@6, 2443  [21] G. Maroulis, Chem. Phys. Let226, 420(1994.
(2979. [22] G. Maroulis, J. Phys. Chenl05 8467(1996.
[10] X. Li, M. H. Champagne, and K. L. C. Hunt, J. Chem. Phys. [23] G. Maroulis, Chem. Phys. Let259, 654 (1996.
109 8416(1998. [24] G. Maroulis, Chem. Phys. LetB12 255 (1999.
[11] Collision and Interaction Induced Spectroscoylited by G.  [25] A. Szabo and N. S. Ostluntjodern Quantum Chemistjc-
C. Tabisz and M. N. Neuma(Kluwer, Dordrecht, 1996 Millan, New York, 1983.
[12] U. Hohm, Chem. Phys. LetB811, 117(1999. [26] M. Urban, I. Cernusak, V. Kelloand J. Noga, Methods Com-
[13] D. Goebel and U. Hohm, J. Phys. 79, 3132(1996. put. Chem.1, 117(1987.

[14] U. Hohm and A. Loose, Rev. Sci. Instrurfto be published [27] R. J. Bartlett, Annu. Rev. Phys. CheB2, 359 (1981).

[15] Atomic units are used throughout this paper. Conversion fac{28] K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-
tors to S| units are: energy, E,=4.359 748 X 10 8 J, Gordon, Chem. Phys. Lett57, 479 (1987.
length, 1 ay=0.52917724%101° m, frequency, [29] J. Paldus and X. Li, Adv. Chem. Phyk10, 1 (1999.
1 Ey/h=4.13413%10'° s%, octopole moment{), 1 eay  [30] G. Maroulis, J. Phys. Chen00, 13 466(1996.
=2.37418% 10 Cm®, hexadecapole momen®, 1 ea;  [31] G. Maroulis, C. Makris, D. Goebel, and U. Hohm, J. Phys.
=1.25636%10"% Cm®,  dipole  polarizability, a, Chem. A101, 953(1997.

053202-5



U. HOHM, A. LOOSE, G. MAROULIS, AND D. XENIDES

[32] G. Maroulis, J. Chem. Phy408 5432(1998.

[33] U. Hohm, D. Goebel, P. Karamanis, and G. Maroulis, J. Phys.
Chem. A102 1237(1998.

[34] G. Maroulis and C. Pouchan, Phys. Rev5A 2440(1998.

[35] H. Partridge(unpublishedl

[36] G. Maroulis and A. J. Thakkar, Chem. Phys. Leth6, 87
(1989.

[37] G. Maroulis, electronic mail address marou@upatras.gr

[38] A. Schder, C. Huber, and R. Ahlrichs, J. Chem. Phy€0
5829(1994.

[39] N. J. Brassington, H. G. M. Edwards, and D. A. Long, J
Raman Spectrosd.1, 346 (1981).

[40] V. Boudon, E. B. Mkdami, H. Brger, and G. Pierre, Chem.
Phys. Lett.305 21 (1999.

[41] M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B.

053202-6

PHYSICAL REVIEW A61 053202

G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A.
Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-
Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J.
Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe,
C.Y.Peng, P.Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S.
Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-
Gordon, C. Gonzalez, and J. A. PopiaussIAN 94 Revision
E.1 (Gaussian, Inc., Pittsburgh, PA, 1995

[42] J. stiehler and J. Hinze, J. Phys.2B, 4055(1995.
" [43] U. Hohm, J. Chem. Phy4.01, 6362(1994).
[44] K. P. Huber and G. Herzbertylolecular Spectra and Molecu-

lar Structure IV. Constants of Diatomic Molecul@gan Nos-
trand Reinhold Company, New York, 1979



