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The recent surge in popularity of the density functional theory (DFT) approach to quantum chemistry has resulted
in many studies aimed at quantifying the relative accuracy of the various DFT techniques compared to the more
traditional ab initio quantum chemical methods. In an earlier paper (Derecskei-Kovacs, A.; Marynick, D. S.
Chem. Phys. Letfl994 228 252) we evaluated the performance of various density functionals on the notoriously
difficult problem of the structure of gas-phase beryllium borohydride. Here, we extend that work by evaluating
the performance of several density functionals on four difficult structural/energetics problems in inorganic
chemistry: (1) the structure of bis(cyclopentadienyl)beryllium; (2) the isomerization energies of three carboranes,
C,BsHs, CoB4Hs, and GBsHy; (3) the structure of €Li4; and (4) the dimerization energies of substituted beryllium
hydrides.

Introduction reaction energetics and to compare these results with those from

] ) ) post-Hartree-Fock ab initio methods and with experiment, when
In recent years, the computational chemistry community has pogsiple.

experienced an explosive grow_th in the applicat.ion of dgnsity A plethora of recent studies on orgahi& and transition

functional theory (DFT) to a variety of problems in chemistry. ata12 systems by DFT methods have appeared. Perhaps less
The best density functional methods achieve greater accuracywidely examined is the performance of DFT methods on main-

than the more traditional Hartred-ock methods with little or group inorganic Sygten@_ It is for this reason that we turn

no increase in computational cdst. As a result, there is an  our attention to the behavior of density functional methods on

increasing body of evidengé that DFT offers a viable  these systems. There are many classic structural problems in

alternative to conventional ab initio approaches. this area. One such problem is the structure of beryllium
Unlike traditional wave function based procedures, DFT borohydride. It has long been known that in the gas phase,

methods compute electron correlation through functionals of beryllium borohydride consists of more than one structure. The

the electron density. While the functional of the density that two most stable isomers are shown in Figure 1. While a number

reproduces exactly the ground-state energy for any molecularof theoretical investigations of this system have been carried

system is not known, Hohenberg and Khon showed in 1964 out!415very high level ab initio calculatiod$were required

that one does exi8t.Since then, a variety of approximate forms to definitively assign the ground-state structure as Ehg

of this functional have been developed which differ in their isomer. In a previous papét,we examined the performance

treatment of correlation and excharfge. of a variety of density functionals on this problem, and we found
The recent surge in popularity of the density functional that nonlocal functionals performed very well.

approach to quantum chemistry has resulted in many studies

aimed at quantifying the relative accuracy of these various (8) See, for example: () Labanowski, J. K., Andzelm, J. W., Bdsisity
Functional Methods in Chemistrpringer-Verlag: New York, 1991.

) 78 1 ) .
funct!onalsf.1 Itis the goal of this study to test the different (b) Ziegler, T.Chem. Re. 1991 91, 651. (c) Scuseria, G. B. Chem.
functionals on a variety of inorganic systems that have proven Phys.1992 97, 7528. (d) Becke, A. DJ. Chem. Phys1992 97, 9173.
difficult in the computation of accurate conformational or (e) Gill, P. M. W.; Johnson, B. G.; Pople, J. A.; Frisch,dt. J.

Quantum Chem. Quantum Chem. Syir§92 26, 319. (f) Gill, P. M.
W.; Johnson, B. G.; Pople, J. £hem. Phys. Lettl992 197, 499.

(1) St.-Amant, A.; Cornell, W. D.; Kollman, P. A.; Halgren, T. A. (g) Johnson, B. G.; Gill, P. M. W.; Pople, J. A. Chem. Physl1993
Comput. Chem1995 16 (12), 1483. 98, 5612. (h) Johnson, B. G.; Gill, P. M. W.; Pople, J. A.Chem.

(2) Scheiner, A. C.; Baker, J.; Andzelm, J. \W.Comput. Chenil997, Phys.1992 97, 7846. (i) Sosa, C.; Lee, Q. Chem. Phys1993 98,
18 (6), 775 and references therein. 8004. (j) Wang, J.; Eriksson, L. A.; Boyd, R.Jl.Phys. Chenil994

(3) Komornicki, A.; Fitzgerald, GJ. Chem. Phys1993 98 (2), 1398 98, 1844. (k) Fitzgerald, G.; Andzelm, J. Phys. Chem1991], 95,
and references therein. 10531.

(4) Andzelm, J. W.; Wimmer, EJ. Chem. Phys1992 96 (2), 1280 and (9) See, forinstance: (a) Castro, M.; Salahub, DPRys. Re. B 1993
references therein. 47, 10955. (b) Goodwin, L.; Salahub, D. Rhys. Re. A 1993 47,

(5) Hohenberg, P.; Kohn, WPhys. Re. B 1964 136, 864. R774. (c) Papai, |.; Ushio, J.; Salahub, D. &urf. Sci.1993 282,

(6) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and 262. (d) Papai, I.; St.-Amant, A.; Salahub, D.Surf. Sci.199Q 240,
Molecules Oxford University: New York, 1989. L604.

(7) For instance, see: (a) Martell, J. M.; Goddard, J. D.; Eriksson, L. A. (10) See, for instance: (a) Perdew, J. P.; Wang?Ms. Re. B 1986 33,
J. Phys. Chem. A997 101 (10), 1927. (b) Curtiss, L. A.; Raghava- 8800. (b) Perdew, J. Phys. Re. B 1986 33, 8822. (c) Becke, A. D.
chari, K.; Redfern, P. C.; Pople, J. . Chem. Phys1997 106 (3), Phys. Re. A1988 38, 3098. (d) Lee, C.; Yang, W.; Parr, R. 8hys.
1063. (c) Scheiner, A. C.; Baker, J.; Andzelm, J.JMComput. Chem. Rev. B 1988 37, 785. (e) Perdew, J. P.; Wang, Phys. Re. B 1992
1997 18 (6), 775. 45, 13244. (f) Becke, A. DJ. Chem. Phys1992 96, 2155.
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In this paper, we extend our previous work by evaluating
the performance of a variety of density functionals on other
related systems. The common features of most of these systems
are that they possess multiple minima on their potential energy
surfaces and that the valence structures of these various minima
are radically different from one another. Most contain 3-center

2-electron bonding, which is indicative of a high degree of

I 11

electron delocalization and is a consequence of the electronFigure 1. Beryllium borohydride isomers andll .
deficiencies of these systems. The highly delocalized bonding

(11) Houk, K. N.; Condroski, K. R.; Pryor, W. Al. Am. Chem. S04997,
119 (12), 2964. Bureau, C.; Chong, D. Bhem. Phys. Lettl997,
264 (1, 2), 186. Sun, HJ. Am. Chem. Sod997, 119 (15), 3611.
Grand, A.; Jolibois, F.; Denis, J. P.; Dehallelnt. J. Quantum Chem.
1997 61 (4), 689. Jursic, B. SJ. Phys. Chem. A997 101 (12),
2345. Boero, M.; Andreoni, WChem. Phys. Lettl997 265 (1, 2),
24. Kwiatkowski, J. S.; Leszczynski, liht. J. Quantum Chenil997,
61(3), 453. Garcia De la Vega, J. M.; Miguel, B.; San FabiannE.

J. Quantum Chem1997 61 (3), 533. Politzer, P.; Grice, M. E;
Seminario, J. MInt. J. Quantum Cheni997 61 (3), 389. Branchadell,
V. Int. J. Quantum Cheni997, 61 (3), 381. Lozynski, M.; Rusinska-
Roszak, D.; Mack, HJ. Phys. Chem. A997 101(8), 1542. Nath, S.
K.; McCoy, J. D.; Curro, J. G.; Saunders: R.JSChem. Physl997,
106(5), 1950. Sulzbach, H. M.; Vacek, G.; Schreiner, P. R.; Galbraith,
J. M.; Schleyer, P. v. R.; Schaefer, H. R., 1l.Comput. Chen1997,

18 (1), 126. Viruela, P. M.; Viruela, R.; Orti, E.; Bredas,J.Am.
Chem. Soc1997 119(6), 1360. Vancik, H.; Novak, I.; Kidemet, D.
J. Phys. Chem. A997 101(8), 1523. Jursic, B. SChem. Phys. Lett.
1997 264(1, 2), 113. Bernardi, F.; Bottoni, Al. Phys. Chem. A997,
101 (10), 1912. Rak, J.; Skurski, P.; Gutowski, M.; Jozwiak, L.;
Blazejowski, JJ. Phys. Chem. A997 101(3), 283. Ling, Y.; Martin,

J. M. L.; Lifshitz, C.J. Phys. Chem. A997 101 (2), 219. Harris, N.
J.; Lammertsma, KJ. Phys. Chem. A997 101 (7), 1370. Torrent,
M.; Deng, L.; Duran, M.; Sola, M.; Ziegler, OrganometallicsL997,

16 (1), 13. Sinclair, P. E.; Catlow, C. R. A. Phys. Chem. B997,
101 (3), 295. Pai, S. V.; Chabalowski, C. F.; Rice, B. M. Phys.
Chem. A1997 101 (18), 3400.

McCullough, E. A., Jr.; Apra, E.; Nichols, J. Phys. Chem. A997,
101(13), 2502. Maclagan, R. G. A. R.; Scuseria, GJEChem. Phys.
1997 106 (4), 1491. Barone, V.; Adamo, @nt. J. Quantum Chem.
1997 61 (3), 443. Bray, M. R.; Deeth, R. J.; Paget, V. J.; Sheen, P.
D. Int. J. Quantum Chenil997 61 (1), 85. Niu, S.; Hall, M. B.J.
Phys. Chem. A997 101 (7), 1360. Koestimeier, S.; Nasluzov, V.
A.; Herrmann, W. A.; Roesch, NDrganometallics1997, 16 (8), 1786.
Luna, A.; Amekraz, B.; Tortajada, Chem. Phys. Letl997 266 (1,

2), 31. Zhao, X. G.; Richardson, W. H.; Chen, J. L.; Li, J.; Noodleman,
L.; Tsai, H. L.; Hendrickson, D. Nlnorg. Chem1997, 36 (6), 1198.
Rolke, J.; Zheng, Y.; Brion, C. E.; Chakravorty, S. J.; Davidson, E.
R.; McCarthy, I. E.Chem. Phys1997 215 (2), 191. Wilms, M. P.;
Baerends, E. J.; Rosa, A.; Stufkens, Dlnbrg. Chem 1997, 36 (8),
1541. Matar, S. F.; Petitcorps, Y. L.; EtourneauJ.JMater. Chem.
1997 7 (1), 99. Lamare, L.; Michel-Calendini, Ant. J. Quantum
Chem.1997 61 (4), 711. Mater, S. F.; Eyert, V.; Chevalier, B.;
Etourneau, Jint. J. Quantum Cheml997, 61 (4), 705. Seok, C.;
Oxtoby, D. W.J. Phys.: Condens. Mattdr997 9 (1), 87. Neyman,
K. M.; Nasluzov, V. A.; Hahn, J.; Landis, C. R.; Roesch, N.
Organometallicsl997, 16 (5), 995. Doclo, K. G.; Daul, C. A.; Creve,
S.Int. J. Quantum Cheml997 61 (3), 475. Zacarias, A.; Torrens,
H.; Castro, M.Int. J. Quantum Cheni.997 61 (3), 467. Field, C. N.;
Green, J. C.; Kaltsoyannis, N.; McGrady, G. S.; Moody, A. N.; Siggel,
M.; De Simone, MJ. Chem. Soc., Dalton Tran$997, (No. 2, 213.
Barone, V.; Bencini, A.; Totti, F.; Uytterhoeven, M. &t. J. Quantum
Chem.1997 61 (3), 361. Deng, L.; Ziegler, TOrganometallicsL997,

16 (4), 716. Galan, F.; Fouassier, M.; Tranquille, M.; Mascetti, J.;
Papai, I.J. Phys. Chem. A997 101 (14), 2626. Schafer, O.; Daul,
C. Int. J. Quantum Cheml997 61 (3), 541. Torrent, M.; Gili, P.;
Duran, M.; Sola, MInt. J. Quantum Cheni997 61 (3), 405. Stampfl,
C.; Scheffler, MPhys. Re. Lett.1997 78(8), 1500. Wang, W.; Weitz,
E.J. Phys. Chem. A997 101(12), 2358. Cifuentes, M. P.; Humphrey,
M. G.; McGrady, J. E.; Smith, P. J.; Stranger, R.; Murray, K. S.;
Moubaraki, B.J. Am. Chem. Sod.997, 119 (11), 2647. Adam, K.
R.; Atkinson, I. M.; Lindoy, L. F.Inorg. Chem.1997, 36 (3), 480.
Glukhovtsev, M. N.; Bach, R. D.; Nagel, C.Jl.Phys. Chem. A997,
101 (3), 316. Broclawik, E.; Yamauchi, R.; Endou, A.; Kubo, M.;
Miyamoto, A. Int. J. Quantum Cheml997 61 (4), 673. Martinez,
A.; Koester, A. M.; Salahub, D. Rl. Phys. Chem. A997 101 (8),
1532. Jursik, B. SInt. J. Quantum Chen1997 61 (1), 93. Gilardoni,
F.; Weber, J.; Baiker, Alnt. J. Quantum Chenil997, 61 (4), 683.
Gonzalez-Blanco, O.; Branchadell, @rganometallics1997, 16 (3),
475.
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implies large electrorelectron interactions within the molecule
and thus strong electron correlation effects. They should,
therefore, prove to be a significant test of density functional
theory.

The Four Computational Problems

Bis(cyclopentadienyl)beryllium. Since the discovery of bis-
(cyclopentadienyl)beryllium in 1959, its structure has been
greatly debated. A number of experime#htaind theoreticaf
investigations have led to the proposal of several conformations
with varying degrees of coordination of the Cp rings to the
beryllium atom. The three most important of these proposed
structures are shown in Figure 2. At one extreme, a Cp ring
may be coordinated monohaptg') to the beryllium, and at
the other extreme, it is coordinated pentahap®).¥®¢ Penta-
hapto binding is associated with increased delocalization along
the cyclopentadienyl ring?

While the gas-phase structure is not known with certainty,
there is considerable indirect experimental evidéhpeinting

(13) See, forinstance: Niu, S.; Hall, M. B. Am. Chem. S0d.997, 119
(13), 3077. Trickey, S. Bint. J. Quantum Chenil997 61 (4), 641.
Sicilia, E.; Toscano, M.; Mineva, T.; Russo, Mt. J. Quantum Chem.
1997 61 (3), 571; Christie, K. O.; Dixon, D. A.; Schrobilgen, G. J.;
Wilson, W. W.J. Am. Chem. S0d.997 119(17), 3919. McDowell,

S. A. C.Chem. Phys. Lettl997 266 (1, 2), 38. Fu, H.; Zunger, A.
Phys. Re. B: Condens. Mattet997 55 (3), 1642. Aguado, A.; Sanz,
V.; Paniagua, Mint. J. Quantum Chenl997, 61 (3), 491. Lee, E. P.
F.; Wright, T. G.J. Phys. Chem. A997, 101 (7), 1374. Casteel, W.
J., Jr,; Dixon, D. A.; Mercier, H. P. A.; Schrobilgen, Gldorg. Chem.
1996 35 (15), 4310. Campbell, J.; Dixon, D. A.; Mercier, H. P. A.;
Schrobilgen, G. Jinorg. Chem.1995 34 (23), 5798. Christe, K. O.;
Dixon, D. A.; Sanders, J. C. P.; Schrobilgen, G. J.; Tsai, S. S.; Wilson,
W. W. Inorg. Chem.1995 34 (7), 1868. Christe, K. O.; Dixon, D.
A.; Wilson, W. W.J. Am. Chem. S0d.994 116 (16), 7123. Casper,
B.; Dixon, D. A.; Mack, H. G.; Ulic, S. E.; Willner, H.; Oberhammer,
H.J. Am. Chem. S0d994 116(18), 8317. Christe, K. O.; Dixon, D.
A.; Sanders, J. C. P.; Schrobilgen, G. J.; Wilson, W.JAAmM. Chem.
S0c.1993 115(21), 9461. Dixon, D. A.; Farnham, W. B.; Heilemann,
W.; Mews, R.; Noltemeyer, MHeteroat. Chem1993 4 (2—3), 287.
Christe, K. O.; Curtis, E. C.; Dixon, D. Al. Am. Chem. S0d.993
115 (21), 9655. Christe, K. O.; Dixon, D. A.; Sanders, J. C. P.;
Schrobilgen, G. J.; Wilson, W. Wnorg. Chem1993 32 (19), 4089.
Christe, K. O.; Wilson, W. W.; Dixon, D. A,; Khan, S. |.; Bau, R.;
Metzenthin, T.; Lu, RJ. Am. Chem. S0¢993 115(5), 1836. Christe,
K. O.; Curtis, E. C.; Dixon, D. AJ. Am. Chem. Sod.993 115 (4),
1520. Dixon, D. A.; Matsuzawa, N.; Walker, S. @. Phys. Chem.
1992 96 (26), 10740. Dixon, D. A.; DeKock, R. LJ. Chem. Phys.
1992 97 (2), 1157. Dixon, D. A.; Gole, J. LChem. Phys. Letll992
188 (5—6), 560. Dixon, D. A.; Christe, K. OJ. Phys. Chem1992
96 (3), 1018. Dixon, D. A.; Arduengo, A. J., lll; Lappert, M. F.
Heteroat. Chem1991 2 (5), 54. Arduengo, A. J., lll; Lattman, M.;
Dixon, D. A.; Calabrese, J. (Heteroat. Chem1991, 2 (3), 395.
Arduengo, A. J., lllInt. J. Quantum Chem., Quantum Chem. Symp.
1991 25, 269. Arduengo, A. J., lll; Dixon, D. AHeteroat. Chem.,
[Int. Conf.] 199Q 2, 47.

(14) (a) Ortiz, J. V.; Lipscomb, W. N. IiIP Conference Proceedings
Elmin, D., Aselage, T., Beckel, C. L., Howard, I. A., Wood, C., Eds.;
American Institute of Physics: New York, 1986. (b) Stanton, J. F;
Lipscomb, W. N.; Bartlett, R. JJ. Chem. Phys1988 88, 5726. (c)
Marynick, D. S.; Lipscomb, W. NJ. Am. Chem. So&973 95, 7244.
(d) Marynick, D. S.J. Chem. Phys1976 64, 3080. (e) Alrichs, R.
Chem. Phys. Lettl973 19, 174.

(15) Derecskei-Kovacs, A.; Marynick, D. €hem. Phys. Letfl994 228
252.

(16) Fischer, E. O.; Hofmann, H. Ehem. Ber1959 92, 482.
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Figure 2. Some possible structures for bis(cyclopentadienyl)beryllium.
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C2
to the Cs structure 2-1l) as the absolute minimum. X-ray ‘
diffraction datd’?findicate that in the crystal a “slip sandwich”
structure (Cp rings remain parallel but are offset) is the most
stable 2-111 ). TheCsstructure has been observed by NMR
and confirmed by theo# for the isoelectronic bis(pentameth-
ylcyclopentadienyl)boron catioff?p

In this study we examine thBsq isomer @-1) and theCs
structure with the nonparallel Cp ring8-(1). TheDsy isomer
exhibits six 3-center 2-electron B&€—C bondst8 The Cs
structure possesses aplecoordinated Cp ring with one classical
2-center 2-electrow bond between the Be atom and the ring
and onen®-coordinated Cp ring with two 3-center 2-electron
Be—C—C bonds and a very delocalized BE€ 2-center bondgd
Because the coordination number of the metal and the degree9ure 3. The carborane systems investigated.
of delocalization of the Cp rings are different for these two
isomers, one would expect correlation energy to be important of C,BsH;, shown in Figure 3. These molecules all have one
in determining the relative energies of these species. common feature: the various isomers all have differing degrees

C,B3Hs, CoBsHe, and CoBsH7. The next set of molecules  of delocalization associated with their valence structures, and
that we examine are members of a familyotdsocarboranes  thus electron correlation effects should be significant.
which have electronic structures that can be described by The valence structure of 1,2:B:Hs (3-1) consists of three

_combinations of 2- and_ 3-center borids.We studi_ed two 2-center G-B bonds and three 3-center&—B bonds2®while
isomers of GB3Hs, three isomers of §B4Hg, and two isomers

B4

1,2-C,BH,
1101 v

Classical C,B;H,
Vil

(17) (a) Almenningen, A.; Bastiansen, O.; HaalandJ AChem. Phys1964

40 (11), 3434. (b) Morgan, G. L.; McVicker, G. Bl. Am. Chem.
Soc. 1968 90 (11), 2789. (c) McVicker, G. B.; Morgan, G. L.
Spectrochim. Actd97Q 26A 23. (d) Wong, C. H.; Lee, T. Y.; Chao,
K. J.; Lee, S.Acta Crystallogr.1972 B28 1662. (e) Drew, D. A.;
Haaland, A.Acta Crystallogr.1972 B28 3671. (f) Wong, C.; Lee,
T.Y.; Lee, T. J.; Chang, T. W.; Liu, C. $norg. Nucl. Chem. Lett.
1973 9, 667. (g) Wong, C. H.; Wang, S. Mnorg. Nucl. Chem. Lett.
1975 11 (10), 677. (h) Drew, D. A.; Morgan, G. Unorg. Chem.
1977,16(7), 1704. (i) Lusztyk, J.; Starowieyski, K. B. Organomet.
Chem.1979 170, 293. (j) Almenningen, A.; Haaland, A.; Lusztyk, J.
J. Organomet. Chenl979 170(3), 271. (k) Pratten, S. J.; Cooper,
M. K.; Aroney, M. J.Polyhedron1984 3 (12), 1347. (I) Nugent, K.
W.; Beattie, J. K.; Hambley, T. W.; Snow, M. Rust. J. Cheml984

37, 1601. (m) Pratten, S. J.; Cooper, M. K.; Aroney, M. J.; Filipczuk,

S. W.J. Chem. Soc., Dalton Tran§985 9, 1761. (n) Nugent, K.
W.; Beattie, J. K.J. Chem. Soc., Chem. Commur®86 186. (0)
Nugent, K. W.; Beattie, J. Knorg. Chem1988 27, 4269. (p) Nugent,
K. W.; Beattie, J. K.; Field, L. DJ. Phys. Chenl989 93 (14), 5371.
(q) Beattie, J. K.; Nugent, K. Winorg. Chim. Actal992 198-200,

309.

(18) (a) Sundbom, MActa Chem. Scand.966 20, 1608. (b) Haaland, A.

Acta Chem. Scand.968 22, 3030. (c) Lauher, J. W.; Hoffmann, R.
J. Am. Chem. Sod 976 98 (7), 1729. (d) Marynick, D. SJ. Am.
Chem. Socl1977 99 (5), 1436. (e) Demuynck, J.; Rohmer, M. M.
Chem. Phys. Letl978 54 (3), 567. (f) Jemmis, E. D.; Alexandratos,
S.; Schleyer, P. v. R.; Streitwieser, A., Jr.; Schaefer, H. F.JIIAm.
Chem. Soc1978 100 (18), 5695. (g) Gleiter, R.; Boehm, M. C;
Haaland, A.; Johansen, R.; Lusztyk,JJ.Organomet. Chenil979

170(3), 285. (h) Charkin, O. P.; Veillard, A.; Demuynck, J.; Rohmer,

M. M. Koord. Khim.1979 5 (4), 501. (i) Gribov, L. A.; Raikhshtat,
M. M.; Zhogina, V. V.Koord. Khim.1988 14 (10), 1368. (j) Margl,
P.; Schwarz, K.; Bloechl, P. El. Am. Chem. Sod 994 116 (24),
11177. (k) Margl, P.; Schwarz, K.; Blochl, P. E.Chem. Physl995
103 (2), 683. (I) Bloechl, P. E.; Margl, P.; Schwarz, KCS Symp.
Ser. 1996 629 54—-6. (m) Schwarz, K.; Nusterer, E.; Margl, P
Bloechl, P. E.Int. J. Quantum Chen1997, 61 (3), 369.

(19) Beattie, J. K.; Nugent, K. Winorg. Chim. Actal992 198 309.

the 1,5- isomer 3-11) has six 2-center €B bonds?® The
C,B4Hg isomers also have varying numbers of 3-center bétfds.
Structure3-V has the most delocalization, with seven 3-center
bonds?%b:¢ 1,2-GB4Hs (3-1I1) has five 3-center bonds, two
2-center G-B bonds, and one 2-center-C bond?°¢ The
classical structure3¢1V) has the least delocalization, with seven
2-center bond3% 2,4-GBsH7 (3-VI) has six 3-center bonds
and two 2-center boné¥-cwhile the classical structur&{VIl )

has eight 2-center bond¥%

CsLis. The nonclassical bonding nature of lithium com-
pounds has long been acceptédnd the ground-state structure
of CsLi4 is a good example of this. An early theoretical wdrk
found the ground state to be an unus@a) structure, with
several other conformations close in energy to this minimum.
In a recent papet we confirmed theC,, structure to have the
lowest energy and located seven other energetically competitive
minima on the potential energy surface at the MP2/6-311G*
level. These structures are shown in Figure 4. Here, we test
the ability of DFT to reproduce the high-level ab initio energetics
for these very unusual structures.

Substituted Beryllium Hydride Dimers. The final systems
that we investigate are substituted beryllium hydrides and their

(20) (a) Lipscomb, W. NBoron Hydrides Benjamin: New York, 1963.
(b) Marynick, D. S.; Lipscomb, W. NJ. Am. Chem. S0d.972 94,
8692. (c) Epstein, I. R.; Marynick, D. S.; Lipscomb, W. Bl. Am.
Chem. Soc1973 95 (6), 1760.

(21) Schleyer, P. v. RPure Appl. Chem1984 56, 151.

(22) (a) Jemmis, E. D.; Poppinger, D.; Schleyer, P. vJRAmM. Chem.
S0c.1977, 99, 5796. (b) Jemmis, E. D.; Chandrasekhar, J.; Schleyer,
P.v. R.J. Am. Chem. Sod.979 101, 2848.

(23) Marynick, D. S.; Hawkins, COrganometallics1996 15 (2), 882.
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Figure 4. The eight local minima on the4Ci, potential energy surface
at the MP2/6-311G* level.

dimers. Specifically, we examine the dimerization energy of
the reaction

Y
X X
Y X AE
Be Be Be
Y

where X and Y= H, CHs, and F. Many related systems have
been studied? 27 and electron correlation has been shown to
contribute significantly to the dimerization energies. Earlier
computational studies on Bé4252628 found that the dimer
exhibits Do, symmetry and the dimerization energies a1@2
kcal/mol. We explore structurally analogous systems @ith
andD-, symmetry for the beryllium hydrides and their dimers,
shown in Figure 5.

Computational Details

Most of the calculations were performed using the Gaussigh 92
suite of programs. In order to provide a basis for comparison with
traditional ab initio methods, we optimized the geometries of all the
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v
Figure 5. The substituted beryllium hydrides examined.

functionals and compared these results to the ab initio results and to
experiment, when available. In all systems excepiBep stationary
points were characterized by analytic force constant evaluations.

For bis(cyclopentadienyl)beryllium, we optimized the geometries at
the MP2/6-31G* level and then reevaluated the energetics at the MP2/
6-311G**//MP2/6-31G* level. It should be noted that, at the MP2
level, the Cs structure is not a minimum on the potential energy
surface: it collapses smoothly to iy structure. DFT geometry
optimizations were performed using all four functionals and the 6-31G*
basis set. The energetics were reevaluated at the DFT/6-311G**//DFT/
6-31G* level. Unlike the MP2 case, at this level of theory, the low-
energyCs isomer is a minimum on the potential energy surface. We
also calculated MP4 energetics using the B3-LYP/6-31G* optimized
structures.

In the carborane systems, the ab initio geometry optimizations were
performed at the MP2/6-311G* level and the energies were recalculated
at the MP4/6-311G**//IMP2/6-311G* level. The density functional
geometry optimizations and energetics evaluations were performed at
the DFT/6-311G*//DFT/6-311G* level.

For GiLi4 (Figure 4), we used the geometries previously calculated

species at at least the MP2/6-31G* level. We then reevaluated the at the MP2/6-311G* level and the energetics previously calculated at

energetics of all the species at the MP4 level. All DFT calculations

the MP4/6-311G*//MP2/6-311G* levél. We then examined the

were restricted to nonlocal methods, since it is commonly accepted energetics using a slight modification of the G2MP@ethod. This
that only these approaches yielded quantitative accuracy. In all casesmethod optimizes the geometry of a molecule at the MP2/6-31G* level

we examined the B-LYP%31 B-P863032 B3-LYP3133 and B3-P8&*32

and then uses this geometry for subsequent basis set extension
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The Application of DFT to Four Problems

Table 1. Cp;Be Internuclear Distances (A) and Average Absolute
Deviations (A) for theDsq Isomer

Mp22 B-P86 B3-P86 B-LYP2 B3-LYP?
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Table 2. Relative Energies of thBsq and Cs Isomers of CpBe
(kcal/mol) Calculated with Different ab Initio and Density
Functional Methods and with Different Basis Sets

Internuclear Distancés method andbasis Set —AE
Be-C  2.023 2.058 2.040 2.070 2.055 HF/6-31G*//HF/6-31G* 6.34
c-C 1.419 1.427 1.415 1.430 1.419 HF/6-311G**//[HF/6-31G* 7.44
C—-H 1.084 1.091 1.082 1.090 1.083 MP2/6-31G*//MP2/6-31G* b
Average Absolute Deviatiofis MP2/6-311G**//[HF/6-31G* 5.43
0017 0008 0.021 0.011 MP4/6-31G*//B3-LYP/6-31G* ~1.04
) 2 A basis set of 6-31G* was employed for all geometry optimizations. B-P86/6-31G*//B-P86/6-31G* —0.06
'tThﬁcs strducture tWh?Stnct):]S mlrtnmt:m ocnpfhe potengal Ier;ergy s_,utr_face: B-P86/6-311G**//B-P86/6-31G* 1.42
it collapsed smoothly to thBsq structure ¢ Average absolute deviation
in distances relative to MP2 (fdDsq only). B3-P86/6-31G*//B3-P86/6-31G* —0.49
B3-P86/6-311G**//B3-P86/6-31G* 0.85
corrections through QCISD(T) and MP2 single-point calculations. We B-LYP/6-31G*//B-LYP/6-31G* 3.40
found that the 6-31G* basis set is not adequate to describe the B-LYP/6-311G*//B-LYP/6-31G 5.33
geometries of several of the isomers @LG; therefore, we manually B3-LYP/6-31G*//B3-LYP/6-31G* 2.57
performed the basis set extension calculations using our MP2/6-311G* B3-LYP/6-311G**//B3-LYP/6-31G* 4.27

optimized geometries. We then examined the G2MP2 energetics at 0
K, with and without vibrational zero point energy corrections, in order

2The energy of theCs structure was taken as 0.00 kcal/mbThe
Cs structure was not a minimum on the potential energy surface: it

to ensure the validity of comparisons of these energies to the Othercollapsed smoothly to thBsg structure.
energetic data in the study. We denote this modified G2ZMP2 approach

as G2MP2 We also reoptimized the geometries of all of the isomers ner lculation in Il four functionals at the DFT/6-
at the DFT/6-311G* level. We were not able to obtain convergence energy calculations using all four tfunctionals at the

for the two highest energy isomers, Structudegll and4-VIIl , with 311G**//DFT/6-31G* level correctly predict th€s isomer to
all of the density functionals evaluated; therefore, we will not include b€ the ground-state structure. Also, we reevaluated the energet-
these two isomers in our discussion of this system. ics of the B3-LYP/6-31G* optimized structures at the MP4/6-
For the substituted beryllium hydrides, the geometries were calculated 31G* level, since we did not have an MP2 optimized structure
at the MP2/6-311G** level and the energetics were evaluated at the for the Cs isomer. These calculations incorrectly predict the
MP4/6-311G**//MP2/6-311G** level. Here polarization functions  Dgy isomer to be the low-energy structure by 1.04 kcal/mol,
were added to the hydrogens because dimerization occurs through thesyen though the B3-LYP/6-31G* optimizations yield the correct
hydrogens in some cases. For this system, we decided to examine the[rend. B-P86/6-31G* and B3-P86/6-31G* optimizations also

ab initio energetics at an even higher level than we did with the other incorrectly predict theDe structure to have a lower ener
systems studied. We employed the Gaussi#mR2G2 method in the yp 5d 9y,

Gaussian 9% suite of programs. This method uses a series of PUtSubsequentenergy reevaluations using the larger 6-311G**
component calculations to approximate a much higher level calculation Pasis set yield the correct result.

(QCISD(T) and MP4 basis set extension corrections) with a very large  C,B3Hs, CoB4Hg, and C:BsH,. The internuclear distances
basis set. In order to ensure valid comparisons with both our MP4 for the optimized structures of all the carborane systems are
and density functional results, we utilized G2 energetics only at 0 K, fqund in Table 3. In this system, we have experimental data to
with no vibrational zero point corrections included. The density which we may compare our computational results. Both the

functional optimizations were performed at the DFT/6-311G** level, L . . .
and the same level was employed for energetics. In order to examineab initio and DFT methods produce geometries that are in quite

DFT energetics more comparable to the G2 calculations, we then 900d agreement with experiment, with MP2 producing the
reevaluated the energetics using the B3-LYP functional and a 6311  Smallest average absolute deviations in bond distances. For the

(3df,2p) basis set. 15 experimentally known unique internuclear distances between

heavy atoms, we find that the theoretical models yield the

following deviations: MP2, 0.009 A; B-P86, 0.012 A; B3-P86,

0.010 A; B-LYP, 0.014 A; B3-LYP, 0.010 A. Taking the MP2

timized internuclear distances for tBgg isomer, with deviations g:\?Qt?ct)rrllis}o??hreefztzr?j?;(zln‘::(;lgt(sl’i) T;;ﬁ’;gl aar‘;eéagg Gak(;s(;)(l);t_e

calculated relative to the MP2 optimized structure. The ) P e
P B3-P86, 0.011; B-LYP, 0.007; and B3-LYP, 0.008. All of the

corresponding bond lengths for tigisomer are not available, ity £ ol | ; ! h
since this is not a stable structure on the potential energy surfacedensity functionals, most notably B-P86, perform well on these

at the MP2 level. B3-P86 comes very close to reproducing the SYStéms when compared to MP2.
MP2 geometry of théDsy structure, but the average absolute  In the case of the §BsHs isomers, all calculations correctly
deviations in bond distances for the other three functionals do predict the well-knowrDg, isomer to be the low-energy structure
not compare as well. As was the case in our earlier work on (see Table 4 for the relative energetics of the carborane systems).
beryllium borohydridé? the choice of exchange functional is  Since the MP series appears converged for this isomer (see Table
more important than the choice of correlation functional. 4), MP4 is a suitable ab initio standard for the DFT energetics.
The relative energetics of th®sq and Cs isomers of All of the density functionals compare well to the MP4
bis(cyclopentadienyl)beryllium are presented in Table 2. In energetics. The Hartred=ock/6-311G* optimizations predict
agreement with the indirect experimental evidence, HF/6- a44.9 kcal/mol difference in energy between the isomers. When
311G*//HF/6-31G* predicts theCs structure to be lower in  electron correlation is included via MP2 or MP4 corrections or
energy than th®sy by 7.44 kcal/mol. Notably, MP2 optimiza-  directly as in the case of the density functionals, the energy
tions fail to even show th€& structure on the potential energy difference falls, on average, by 9.5 kcal/mol. We expect this
surface. Here the&Cs isomer collapses smoothly to tHesq since the 3-center bonds in the 1,2-isomer should be stabilized
structure. This represents a significant failure for MP2 theory relative to the more localized 2-center bonds in the 1,5-isomer
and a corresponding success for DFT, since optimizations andwhen electron correlation is explicitly considered.

Results and Discussion

Bis(cyclopentadienyl)beryllium. Table 1 presents the op-
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Table 3. CBsHs, C-B4Hs, and GBsH- Internuclear Distances (A) the lithium atoms are also bound directly to one another. Since
and Average Absolute Deviations (A) there are no experimental geometries for any of these structures,
MP2 B-P86* B3-P86 B-LYP2 B3-LYP2 exptl we will somewhat arbitrarily take MP2 as our standard. Given
Internuclear Distances this, the average absolute deviations in bond distances compared
1,5-GB3Hs to the MP2 optimized structures are much larger in this system
C-B 1560 1562 1551 1563 1554 1856 thaninthe systems discussed so far. Nonetheless, B-P86 gives
L zl?ézBBgHs 1855 1.855 1.847 1864 1.857 1.853 the smallest average absolute deviation in internuclear bond
“c1.c2 1517 1516 1505 1527 1516 dlstances.' Once again, the choice of gxchangg functional is
C2-B3 1740 1.742 1.732 1.754 1.744 more crucial than the choice of correlation functional.
C1-B3 1533 1538 1524 1534  1.524 Table 6 lists the relative energetics of the six isomers of C
(B:?Z"_gg i:gig 1'2;% 1'2%? igié 1:%3 Lis. We must be careful in our choice of MP4 as the standard
B3-B5 1704 1.700 1.691 1.707  1.700 for this system. For structuré-V, the MP series appears
1,6-GB4He converged (see Table 6) and can be used with confidence as a
C-B 1631 1633 1620 1635 1624 1634  standard, but the MP4 energetics cannot be trusted for the other
s Bie 1720 1720 1707 172z LTIL 1724 spyctures due to oscillations in the MP series. However, using
B3-B4 1721 1721 1713 1720  1.715 structure 6-V as a basis for comparison, DFT seems to
C1-B4 1514 1514 1506 1523 1516 overestimate the instabilities of all of the structures. Unlike
L 2C612-BBE|5_| 1585 1587 1575 1587  1.578 the ab initio findings, DFT calculations predict that structure
12-GB4He 6-Ill is not a minimum on the potential energy surface but
gi_'gg i‘%’g i:?gg i’?é? i?g i?gg i?g% collapses smoothly to s_tructuﬁel. Like the MP4 results, th_e
C1-C2 1542 1549 1536  1.556 1544 1535 G2MP2 relative energetics are much lower than those predicted
C1-B5 1.628 1.630 1.616 1.631 1.619 1.618 by DFT. Most notably, G2ZMPZat 0 K) predicts that structure
B5-B6 1721 1719 1706 1717 1707 1745 &-|| is degenerate to structu@l, the commonly accepted
2'4;2:2-855; ! 1551 1552 1540 1551 1542 184 Oround-state structufé’ The G2MP2energetics indicate that
C2-B4 1571 1572 1559 1573 1564 1565 Structures-l is lower in energy than structugll by 0.2 kcal/
B4-B5 1657 1.660 1.649 1.659 1.651 1.651 mol when no zero point energy corrections are included. Upon
C2-B6 1717 1723 1710 1730 1717 1708 the inclusion of zero point corrections, G2MR&lculations
B4-B6 1808 1.807 1794 1809 1798 1816 jngjcate that structuré-1l is more stable than structuéel by
B3-B6 1.841 1.846 1.832 1.856 1.843 1.818 . . : )
Classical GBsH- 0.2 kcal/mol. This is the first report of an isomer energetically
C1-B2 1632 1634 1612 1619  1.605 competitive with structur®-1.
C1-B4 1517 1518 1514 1534 1531 Substituted Beryllium Hydride Dimers. Table 7 presents
Ej:gg g%g g%g g:%gg g:ggg g:gg; the optimized geo_metries of the substituted ber_yllium hydride
B2-B4 2054 2048 2084 2142  2.164 dimers that we investigated; B¢y (D2n), H-bridged and
F-bridged BeF,H, (D2n), and CH-bridged and H-bridged Be

Average Absolute Deviatiofis L i .
0.002 0011 0007 0.008 (CHa)2H2 (Cz,). An examination of these optimized geometries

. - reveals that most of the calculated structures areDgf
a A basis set of 6-311G* was employed for all geometry optimiza- A s
tions.? Reference 365 Reference 37¢ Reference 38¢ Average abso- symmetry and have the bridging units in the same plane as the
lute deviation in distances relative to MP2. beryllium atoms and the terminal units. In the optimized-Be
(CHgs)2H> structures, the symmetry is lowered @, and the

In the case of the B4Hg systems, again all calculations at molecules are no longer planar but have the methyl groups tilted
all levels of theory correctly predict the high-symmetry 1,6- to one side and the hydrogens tilted toward the opposite side
isomer Dun) to be the most stable structure. The 1,6-isomer Of the molecule. The methyl groups are eclipsed with one
possesses the most 3-center bonding; therefore, it should be mogtnother. Again, we take MP2 as our standard and see that all
stabilized with the inclusion of electron correlation, as is Of the density functionals reproduce the MP2 geometries very
evidenced in the higher energy differences of the MP4 and DFT Well for all of the dimers. B-LYP yields the smallest average
calculations. However’ the MP series does not appear Con_absolute deviations in internuclear bond distances Compared to
Verged for these three isomers (See Table 4)’ therefore, noMPZ, but the deviations for all of the functionals are quite small.
comparisons can be made between the MP2 or MP4 energetics Table 8 presents the dimerization energies of the substituted
and those obtained with the density functionals. beryllium hydride systems. Because these systems are signifi-

As is the case with the other carboranes, all calculations cantly smaller than the other systems studied in this paper, we
predict the classical structure obBsH; to be much higher in were able to investigate the energetics at the G2 level (at 0 K
energy than the 2,4-isomer. The inclusion of electron correlation and with no vibrational zero point energy correction), which is
increases this energy difference by an average of 50%, with likely to be more accurate than any other level employed here.
the more highly delocalized 2,4-structure more stabilized upon Both our MP4 and DFT calculated values for the dimerization
inclusion of electron correlation. However, once again the MP energy for BeH, (31.4-35.8 kcal/mol) agree quite well with
series does not appear converged for these isomers (see Tablthose already in the literatuf®26.28¢ However, for half of the
4) and therefore no comment can be made about the performancéunctionals examined, DFT reproduces the G2 energetics better
of DFT based on MP2 or MP4 results. than MP4. In particular, B-P86/6-311G** and B3-P86/6-

CsLi4. Table 5 presents the optimized internuclear distances 311G** come to within an average of 1.6 and 1.8 kcal/mol,
for the six lowest energy isomers oklG,4. In all cases, the respectively, of reproducing the G2 energetics, while the MP4
carbon atoms are arranged either quasi-linearly or as three-calculations have an average absolute deviation of 2.3 kcal/
membered rings. The lithium atoms either are singularly bound mol. The B3-LYP/6-311G** calculations are also quite close
to one carbon atom (terminating) or form a bridge between two to the G2 results, with an average absolute deviation of 2.3 kcal/
carbon atoms. Intwo cases (Figure 4, structdrdg and4-VI), mol, while B-LYP/6-311G** does not compare as favorably,
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Table 4. Relative Energies (kcal/mol) of the 1,2- and 1,5-Isomers #8:8s, the 1,2-, 1,6-, and Classical Bicyclic Isomers eBGHs, and the
2,4- and Classical Structures ofEzH; Calculated with Different ab Initio and Density Functional Methods

—AE
CzBsHs CzB4H6 CZBSH7
method and basis set 1,2 1,5 1,2 classical 1,6 classical 2,4
HF/6-311G*//HF/6-311G* 44.9 0.0 5.8 8.7 0.0 45.8 0.0
MP2/6-311G*//MP2/6-311G* 35.9 0.0 9.3 38.5 0.0 81.8 0.0
MP3/6-311G**//MP2/6-311G* 37.8 0.0 8.3 30.0 0.0 73.5 0.0
MP4/6-311G**//MP2/6-311G* 36.1 0.0 8.4 32.7 0.0 75.1 0.0
B-P86/6-311G*//B-P86/6-311G* 33.4 0.0 10.8 33.2 0.0 65.7 0.0
B3-P86/6-311G*//B3-P86/6-311G* 35.5 0.0 10.4 33.5 0.0 70.0 0.0
B-LYP/6-311G*//B-LYP/6-311G* 34.8 0.0 11.0 25.9 0.0 57.3 0.0
B3-LYP/6-311G*//B3-LYP/6-311G* 36.6 0.0 10.4 26.7 0.0 61.6 0.0
Table 5. Cali4 Internuclear Distances (A) and Average Absolute Table 6. Relative Energies of the Different Isomers ofLG
Deviations (A) (kcal/mol) Calculated with Different ab Initio and Density
) . i " .
MP® B-PSG B3-P8G B.LYP: B3-LYP Functional Methods and with the 6-311G* Basis Set
Internuclear Distances —AE
4-] method 4-1 4-11 4-lll 4-IV 4-V 4-VI
(C:i'['; %ggi %gf‘; %-?ég %-gfg ;?Sé MP2/6-311G*//MP2/6-311G* 00 28 39 174 218 27.9
L : : : : : MP3/6-311G*//MP2/6-311G* 0.0 0.8 45 0.8 226 124
Ci-C2 1335 1330 1316 1328 1319 ypy/g311G4/MP2/6-311G* 00 17 3.8 115 20.7 21.9
C2-Li2 1.903 1.894 1.878 1.895 1.883 G2MP2 b 0.0 0.2 3.7 7.0 221 17.2
4n B-LYP/6-311G*/B-LYP/6-311G* 0.0 56 ¢ 205 26.3 33.9
Cl-Li1 1832 1818 1.798 1811 1.797 B3-LYP/6-311G*//B3-LYP/6-311G* 0.0 5.0 ¢ 156 26.4 29.3
Cl-Li2 1978  1.967 1.955 1.955 1.949 B-P86/6-311G*//B-P86/6-311G* 0.0 4.8°¢ 19.9 24.1 31.3

Cl-Li3 2151 2154 2112 2.158 2.119 B3-P86/6-311G*//B3-P86/6-311G* 0.0 4.2¢ 16.3 24.6 28.4
C1-C2 1421  1.409 1.402 1.410 1.405

C2-Li2 2.057 2.047 2.002 2.056 2.017 aReference 23? These relative energetics are from G2MP2 calcula-
C2-Li3 1.917 1.902 1.886 1.904 1.893 tions with a basis set modification in the geometry optimization step
C2-C3 1.298 1.297 1.280 1.295 1.279 (see text) 80 K and with no vibrational zero point energy corrections
C3-Li3 2.310 2.263 2.306 2.235 2.288 included. When the zero point corrections are included, the relative
4-111° order of structured-1 and 4-Il reverses, with structuré-1l now 0.2
C1-Li1 1.926 1.836 1.823 1.830 1.821 kcal/mol more stable than structueel. ¢ Structure4-Ill is not a
C2-Li2  1.904 1.894 1.877 1.895 1.883 minimum on the potential energy surface at the DFT level; it collapses
C1-C2 1.347 1.330 1.318 1.328 1.318 smoothly to structurd-I.
Cl-Li2  2.215 2.212 2.186 2.214 2.195
4-1IV Table 7. Substituted Beryllium Hydride Dimer Internuclear
Lil-Li2  3.048  3.007 2.993 2.972 2.976 Distances (A) and Average Absolute Deviations (A)

Li1-Li3  3.091 3.074 3.058 3.048 3.050

- - - a - a
Li2-Li3  2.649 2.633 2.603 2.613 2.596 MP2* B-P8G B3-P8§ B-LYP® B3-LYP

C1-Li2 2.066 2.061 2.046 2.053 2.045 Internuclear Distances

C1-Li3  2.148 2.137 2.118 2.137 2.122 Be,F;H, (F-bridged)

C2-Li3 2.022 2.020 2.002 2.015 2.001 Be-F 1.582 1.588 1572 1.588 1.575
C1l-C2 1.445 1.441 1.425 1.442 1.428 Be-H 1.324 1.336 1.325 1.329 1.323
C1-C3 1.410 1.408 1.394 1.407 1.395 Be,F,H, (H-bridged)

C2-C3 1.456 1.453 1.436 1.452 1.437 Be-H 1.478 1.486 1.475 1.477 1.472
C2-Li4  1.996 1.983 1.968 1.978 1.968 Be-F 1398 1399 1387 1399 1.388
C3-Li4  1.927 1.916 1.900 1.909 1.898 Be;Me;H; (Me-bridged)

4-v Be-C 1827 1834 1831 1839 1.828
C1-Lil  1.967 1.948 1.926 1.952 1.933 Be-H 1.345 1351 1.340 1.343 1.338
C1-Li2  1.909 1.884 1.855 1.888 1.863 Be,Me;H; (H-bridged)

C2-Li2 1.935 1.930 1.926 1.919 1.921 Be-H 1.474 1.485 1474 1.476 1.471
C1-C2 1.445 1.439 1.424 1.438 1.425 Be-C 1694 1690 1681 1690 1.684
C1-C3 1.936 1.880 1.789 1.938 1.826 BexHq

4-VI Be-Hy 1481 1481 1470 1471  1.466
C1-Li1 2.028 2.023 2.005 2.016 2.004 Be-H 1332 1.337 1328 1.329 1.325
Lil-Li2  3.393  3.330 3.322 3.326 3.337 Average Absolute DeviatioRis
C1-C2 1.436 1.432 1.416 1.431 1.418 0.006 0006 0.005 0.007
C1-Li3  2.028 2.024 2.006 2.019 2.005
C1l-C3 1.436 1.431 1.415 1.430 1.417 a A basis set of 6-311G* was employed for all geometry optimiza-

C2-Lil  2.028 2.025 2.007 2.019 2.006 tions.? Average absolute deviation in bond distances relative to MP2.
Li2-Li3  3.393  3.314 3.307 3.304 3.320

Average Absolute Deviatiofis with a very large basis set, we also examined all of the systems
0.016 0.034 0.020 0.032 using B3-LYP and a triplé- basis set with diffuse and

a A basis set of 6-311G* was employed for all geometry optimiza- polarization functions. . Except for F-bridgeq and. H-bridged
tions. > Structured-lil is not a minimum on the potential energy surface B€2F2H2, these calculations produce energetics which are even
at the density functional level; it collapses smoothly to structiste closer to the G2 results than the corresponding calculations with
¢ Average absolute deviation in distances relative to MP2. the smaller basis set. For this system of substituted beryllium
hydrides, DFT generally produces estimates of the dimerization

with an average absolute deviation from G2 energetics of 3.6 energies that are on a par with those predicted with ab initio
kcal/mol. Because G2 approximates a high-level calculation MP4 calculations. Unlike the other systems in this investigation,
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Table 8. Dimerization Energy of the Substituted Beryllium Hydrides (kcal/mol) Calculated with Different ab Initio and Density Functional
Methods

—AE
BesFoHo Be:Me;H;
method and basis set By F-br H-br Me-br H-br
MP4/6-311G**//MP2/6-311G** 33.8 36.2 28.0 22.7 30.9
G2 33.4 315 23.6 21.3 30.5
B-P86/6-311G**//B-P86/6-311G** 34.7 29.9 26.6 19.7 30.1
B3-P86/6-311G**//B3-P86/6-311G** 35.8 32.9 27.7 21.2 31.5
B-LYP/6-311G**//B-LYP/6-311G** 31.4 27.6 23.6 13.3 26.5
B3-LYP/6-311G**//B3-LYP/6-311G** 32.4 30.6 24.8 154 27.9
B3-LYP/6-311-G(3df,2p)//B3-LYP/6-311G** 32.6 27.4 22.3 16.4 28.2

@ The relative energetics aré @ K with no vibrational zero point energy correction included.

the choice of correlation functional appears more important than In one case (GBe), we find that MP2 fails spectacularly while

the choice of exchange functional. all the density functionals with sufficiently large basis sets are
) able to determine the correct ground-state structure. We also
Conclusions find that the choice of the exchange functional is much more

We apply a variety of nonlocal density functionals to four important than the choice of correlation functional for most of
difficult energetic/structural problems in main-group inorganic the systems we examined. In the case of the substituted
chemistry. We then compare these results to those from abberyllium hydride dimers, we are able to compare our ab initio
initio MP2 and MP4 (and G2 and G2MPR2n some cases) and DFT results to G2 calculations and discover that DFT
calculations and to experiment, where available. We find that calculations with a large basis set generally reproduce the G2
all of the functionals under investigation perform quite well energetics at least as well as MP4 calculations do. For the C
compared to MP2 calculated geometries, with B-P86 achieving Li, isomers, we calculate relative energetics at the G2NMP2
the overall smallest average absolute deviations in bondlevel and find that, like MP4, G2MP2predicts relative
distances relative to MP2. In general, for the 81 unique bond energetics that are much lower than the DFT results. The
distances calculated in this study, B-P86 has the smallest averaggs2mp2 calculations also reveal for the first time an isomer
absolute deviation in bond distances relative to MP2 of 0.009 yhjch is energetically competitive with the commonly accepted
A, B-LYP produces an average deviation of 0.015 A B3-P86 ground-state structure.
has an average deviation of 0.020 A, and B3-LYP differs from

MP2 by an average of 0.021 A. In particular, B-P86 gives the Acknowledgment. We thank the Robert A. Welch Founda-
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