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Dirac-Fock-Slater calculations on the geometric and electronic structure of neutral
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Using a self-consistent relativistic molecular Dirac-Fock-Slater method we have determined the geometric
structures and ionization energies ofC (x=0-7). The lengths of the bonds for the pentagonal e@iegle
bonds and the bonds shared by hexagonal rifdsuble bondsare found to increase as a function of charge
state with an expansion of the cage. The binding energy per atomggSf @x=0-7) shows a quadratic
dependence on the charge state of thg €luster and an extrapolation to higher charge states reveals that
Cso*™ should still be bound up te=13. Charging of the clusters are analyzed using a classical capacitance
model and compared with results from other calculations. Calculated ionization potentials are found to increase
linearly with the charge while the available experimental data with comparatively big uncertainties indicate a
small quadratic dependend&0163-18297)00208-7

. INTRODUCTION phase in film& and in the gas pha$éo be 7.6-0.2 eV and
7.61+0.02 eV, respectively. These values were in compara-
The possibilities for production of large amounts of tively good agreement with the earlier mentioned local den-
fullerenes and, in particular, & and C;, by the electric arc  sity calculations, which gave values of 6.9 eV and 7.8 eV
evaporation technigdegave unique opportunities to charac- using the Xa exchange correlation potential with=0.7
terize these types of carbon molecules also known aéRef. 10 and the parametrization of von Barth and Hetfin,
fullerenes. Although carbon clusters containing up to a fewespectively. Calculations for the ionization potential of sin-
hundred atoms had been produced with the laser vaporizgly charged G, gave values of 10.1 eVa(=0.7) and 10.8
tion method and detected with mass spectrometry more thareV (von Barth—Hedii There exist today a number of mea-
six years before the uniqueness of, in particulagy @hd  surements of the ionization potential of singly chargeg C
C,o were not noticed until Kroto, Heath, O'Brien, Curl, and with values in the range from 8.5-12.25 eV as summarized
Smalley also used the laser vaporization method but withby Scheieret al!? and their own value of 11405 eV,
somewhat different production conditions. Their proposedvhich should be compared with the theoretical values given
structure of Gg as a truncated icosahedron in the form of aabove. Scheieet al. summarized and remeasured also the
cage with 60 vertices and 32 faces, 12 of which are pentaonization potential for Go>* with values in the range from
gons and 20 hexagons is today well established. The high1.0-17.0 eV and their own value 16.6.0 eV, respec-
stability of Cgq and other even containing carbon clusterstively. More recent measurements of the ionization potential
was observed very eaflpy laser irradiation with the obser- for C4,2* by Worgdtter et alX® gave a value of 27:40.2 eV
vation of shrinking of the cage followed by the emission of which has in measurements with better experimental data
C, units. All of these very early studies as the measurementand use of an improved procedure for analysis of the experi-
of the electron affinity, EA;® indicated a very high stability mental dat¥ has been changed to 198 eV. Very recently
of, in particular, the even number carbon clusters. The meaMatt et al1* extended also the studies tg€" and obtained
sured value of EA was also very well described by locala value of 29.2-8 eV for the ionization potential. All these
density calculations by one of the auth@/sR.).” Detailed more accurate experimental data of the ionization potentials
charcaterization of the fullerenes were however not feasiblindicate a small quadratic dependence as a function of the
due to the lack of sufficient amounts of materials untilcharge. The uncertainties of the data for the highly ionized
Kratschmer and Huffman and studeht®eveloped the earlier clusters are however still somewhat high for a crtical test of
mentioned electric arc evapoation technique. Very shorthdifferent calculations as will be discussed below.
thereafter a number of experiments were performed as the The stability of multiply charged metal clusters has for a
measurements of the ionization potential of;@r the solid  long time been the subject for extensive work as reviewed by
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Echt and Mak.!® The works presented in this review and total energy of the neutral cluster as a function of excess
other studie¥~?*have been focused on an understanding otharge®

the fragmentation pattern with a comparison with what is

known from fission of nuclei. g, is a very special cluster Il. METHOD

characterized as a spherical shell with an empty void which

is of quite different structure compared with metal clusters. e calculate the total energy of the many-electron cluster
A very challenging problem has therefore been at whichVithin —the  (Dirac)  Hartree-Fock-Slater (DFS

charge will the cage break up and fragment to smaller Spe@pproximatiorf’.f"%This approach is an approximation to the

cies as the emission of Lunits. In addition to the studies ya_lr_latlonally det_ermmed _Dlrac-Fock procedure and &m
mentioned abové-14a number of experiments performed b initio method with no adjustable parameters. Its derivation
Mark and co-worke@—24found b eﬁectron impact the ex-y starts from the expression of the total enekgygpf the many-

. — 'a by € P electron molecular system,

istence of Gy (x=1-7), while studies by means for slow

ion impact on neutral g, by Walch et al?® indicated the 1 3

existence of G+ (x=1-6). More recently Jiret al®® de-  E=, <¢i|t|¢i)+f pV"d3r+ Ef pVed3r + Zf pVed3r
tected stable ¢ up to a charge ok=9. :

Results from the use of various methods of electronic z,Z,
structure calculations for g can be found in Refs. 7,27-30. t2 R—RJ’ 1)
In an earlier calculatiott we evaluated the successive ion- Pa it T

ization energies of g up to the 7th degree of ionization The single-particle wave functions; for the N electrons in
keeping the geometrical structure fixed. In this study we inthe molecule are four-component spinor functions,
vestigate the stability of the £ (x=0-7) by allowing its t=«a-p+8 mc? is the Dirac kinetic energy operatot
geometrical structures to rearrange in thesymmetry and 4X4 matrix in spinor spacey" represents the potential en-
evaluate also the ionization potentials by calculating the poergy of the interaction of the electrons with the nuclei; and
tential minimum for every degree of ionization. Recently aV° is the direct Coulomb-interaction potential between the
similar investigation usingab initio (Hartree-Fock and electronsV®* is the electron-electron exchange potential for
semiempirical (modified neglect of differential overlap which we used the Slater local density approximatidn,
MNDO, AM1, and PM3 methods was published by
Ciolowski et al3? They predictDs,, respectively, G sym- .
metry for Cgo?" resp. Go't clusters. In contrast to their VE(r)=—3a
work the icosahedrdl, symmetry is used throughout all cal-
culations presented here and the degenerated highest orbitstith fixed parametetr=0.7. The electronic density is given
are statistically occupied. by

A commonly discussed property for charged metal clus-
ters and, in particular, for mesoscopic syst&m$is the +
charging energies of the species and their capacitance. Such p(r)=2 ni i (1) ¢i(r), )
an analysis of the chargedggclusters could be done by
evaluating the change of the total energy compared with thesheren; are the occupation numbers.

3 1/3
ap)] @

TABLE I. The binding energie®, and the geometric structures of£" (x=0-7). The bond distances
in the pentagon, respectively, hexagon ringsrarerespectivelyr,, andR is the radius of the Buckmin-
sterfullerenes.

X Reference [ " R De
(ionization (a.u) (a.u) (a.u) (eV)

0 this work 2.75 2.63 6.72 8.72
0 (Ref. 43 2.76 2.62 6.70

0 exp (Ref. 49 2.76 2.65 6.71

0 exp (Ref. 45 2.75 2.63 6.72

1 this work 2.76 2.65 6.74 8.45
1 (Ref. 43 2.75 2.62 6.71

2 this work 2.76 2.65 6.74 8.12
2 (Ref. 43 2.75 2.63 6.71

3 this work 2.76 2.66 6.75 7.72
3 (Ref. 43 2.75 2.64 6.72

4 this work 2.77 2.67 6.77 7.27
5 this work 2.77 2.68 6.79 6.77
6 this work 2.78 2.69 6.80 6.17
7 this work 2.78 2.70 6.82 5.60
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The application of the variational procedure to the energy :
functional (1) leads to the single-particle DFS equations for g ;:‘f'sa’g]’k
the wave functionsp; and energy eigenvalues, O Exp. [45]

® Exp. [46]

[t+VI+ VeV h)=eildi), i=1,...N. (4 6871

In order to solve these equations we use the molecular-
orbital linear combination of atomic orbitaldO-LCAO)
method and expand the molecular-orbital wave functions in
symmetry-adapted wave functigf), which themselves are
expanded in atomic orbitalsnv(r) which are atomic four-

component Dirac spinor¥;*®

Radius (a.u.)

¢i<r>=; x,-cji=Ei 2 &0 (N ;051 (5)

with n,=(»,n,x,m). Here v indicates the atomic site, and
m and k are the magnetic and Dirac quantum numbers. The
symmetry orbitals are created with a projection operator 6.7
technigue using the icosahedral point groli) ( The atomic
basis functions 4, 2s, 2p,,,, and 25, used for the construc-
tion of the symmetry orbitals are numerically obtained by
solving the atomic DFS equations. Insertii§ into (4)
gives the matrix secular equation,

T s s s e
Degree of lonization
FIG. 1. Radius of the Buckminsterfullerene with respect to the
degree of ionizationA this work, & Ref. 43, O experiments
(Refs. 45,46.
HC=¢SC, (6) o _ )
o ) and ionized G in terms ofr, ry, the radius of the cage,
whereH andS are the Hamiltonian and overlap matric€s,  and the bond energy per atol,, is presented in Table .
is the coefficient matrix¢;;), ande is the eigenvalue vector The evaluted bond lengths in this work are in good agree-
(¢i). The matrix elementsl;; andS;; are evaluated numeri- ment with the experimental values for the neutrgh@s well
cally using the modified versiofadapted to relativistic nu- a5 with the semiempirical results of Yamaguetial*® for
merical wave functions® of the integration scheme of Boer- ¢, x+ (x=0-3.
rigter, Velde, and Baerend8.The direct Coulomb potential “The results of the ionized systems have been analyzed
V¢ is determined via an additional variational procedtire assuming the g** ions to be a composition of C* ions
which yields a minimal systematical error as well as a variazng (60x) neutral C constituents. Thus the binding energies

tionally consistent total energy. A solution of the secularge calculated as the difference between the total energy of
equation with standard matrix routines gives the solution inpe ionized molecule G andx times the total energy of

terms of the eigenvaluese{) and expansion coefficients the C* jon plus(60x) times the total energy of the neutral

(cij)- C. The binding energies obtained are fitted to a product
lll. RESULTS AND DISCUSSIONS V(x,y)=Dfexd 2a(r ,—x)]—2exga(r,—x)]}
Using the method described above we first evaluate the x{exg 2b(r,—y)]1-2exdb(r,—y)l} (7

geometric and electronic structure of neutrgh@ith a com-

parison with available experimental data and then the geosf two Morse potentials. These are the values of the bond
metric structure of the multiply chargedg¢g" (x=1-7) energy per atonD, given in the last column of Table I.

ions. In these calculations the bond lengths for the pentago- In Fig. 1 the radii of the neutral and ionizedg§are

nal edge(single bonds (r,) and the bonds shared by hex- drawn with respect to the degree of ionization with a com-
agonal ringgdouble bonds(r},) are varied. Minimization of ~ parison with the results of Yamagucet al*® Two experi-

the potential energy for the neutral system gavg £2.75  mental values for the radius of the neutraj,Gare marked
a.u., (,)=2.63 a.u., and a binding energy of 8.72 eV perwith empty*® and filled circles’® Both calculations exhibit an
atom which is somewhat higher than the value of 4.95 eMincrease of the g, radius with respect to the degree of ion-
obtained from large scale Hartree-Fock calculations bhiLu ization. The semiempirical results of Yamaguokt al*®

and Almld.*? The overestimation of the binding energy is a show a linear relation whereas our results rather fit to a qua-
well known result of the local density approximatidtDA)  dratic behavior.

even for small molecules. These values of the bond lengths The binding energy per atom versus the degree of ioniza-
should be compared with the experimental values ofion is presented in Fig. 2. Our calculations are shown as
r,=1.458 A(2.76 a.u andr,=1.401 A (2.65 a.u. deter- triangles and clearly reveal a quadratic behavior. A fit to a
mined in gas phase electron diffracti$tOther experimental quadratic equation of these values in the range from the neu-
values are the solid state NMR measurenfeniich gave tral to seventh degree of ionization indicates by extrapolation
r,=2.75a.u. and,=2.63 a.u., while somewnhat slightly dif- an estimate of stable & clusters up tox=13. Such a
ferent valuesr,=2.71 a.u. and,=2.63 a.u. were derived value relies on the evaluated quadratic behavior obtained in
from an x-ray study® The results obtained for the neutral these calculations which might change for calculations of
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FIG. 2. Dissociation energy of & (x=0-7). The curve is a
fit of A points(this work) to a quadratic equation.

cluded in the calculations. This value of stability should be
compared with the result from recent slow ion impact experi-

ment by Jinet al?®

at least 9. Theoretical investigations by Seiferal2°
the critical charge to b&=16, while Ciolowskiet a
timated from their calculations a stability upxe-= 28, which

O Ref. [30}
O Ref. [32]
4 This work
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FIG. 3. The difference of the total energies of,Gnd Co**
(x=0-6) as a function of excess charge. Inset: The differences

systems of higher ionicity and if dynamics would be in- divided by the charge as a function of the excess chargeef. 30,

reveal
132 es-

Ciolowski et a

|32

¢ Ref. 32, andA this work.

) v analyzed their result by evaluating the
who determined the critical charge to be gifferences in the total energy of the neutraj,Gand the
multiply ionized Gy** (x=2,4,6,9 fullerenes. We have
done a similar analysis in Fig. 3, using the results obtained in
this work by comparing the results of Ciolowsd al*? and

are too high compared with our value of stability. However, Yannouleas and LandmaR A plot of these differences di-
from the analysis of the vibrational frequency spectrum.vided by the charge as a function of the excess charge is also

Ciolowski et al*? suggest that only the &'°" has a mini-

given as an inset in Fig. 3. The lines have somewhat different

mum on the potential energy hypersurface as higher chargdopes but the agreement is rather good although we kept the
states show a large part of imaginary frequencies in the vit, symmetry in our calculations. Rewriting the linear plot as
brational density of states which are related to decay chardone by Yannouleas and Landni@mgives the following

nels.

TABLE Il. lonization energies of g** (x=0-7).

equation:

Theory Experiment
X (Ref. 30 (Ref. 20  This work (Ref. 19 (Ref. 47 (Ref. 48 (Ref. 49
(eV) (ev) (eV) (ev) (eV) (eV) (eV)
0 7.40 8.50 6.80 7.6060.5 7.58-0.4 8.1+0.5
1 10.31 11.7 10.16 1140.5 11.43-0.4 10.3 12.2%0.5
2 13.28 14.6 13.67 16:61.0 14.8:0.1 17.6:0.7
3 16.25 18.0 16.92 19:25.0
4 19.22 20.07 29.28.0
5 22.20 23.35
6 25.24 26.78
7 28.31 29.91
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‘ . , ‘ out of the charge as used by Yannouleas and Landtan
Eig {g{ seems therefore to give about a 10% higher capacitance com-
Exp. [49] pared with standard LCAO type calculations.

Theory [30] ] Thexth ionization potential is calculated as the difference
Tneary [20] of the total energies of the systemgfs 1" and Cyg** in

the minima of their corresponding potential energy surfaces.
The ionization potentials are presented in Table Il and Fig. 4,
together with the experimentallyfiled pointg known
valued*4~*as well as the results of a stabilized-jellium
LDA calculatior’® and the theoretical results of Seifert
et al?° (unfilled point3. The experimental data for different
ionization potentials indicate a small quadratic dependence
as a function of charge although the experimental uncertain-
ties are rather big. These experimental data should be com-
pared with the different theoretical results which show a lin-
ear relationship as a function of the degree of ionization. The
new value of the ionization energy for the-3on as reported

by Matt et al.}* using an improved evaluation procedure, is
however in much better agreement with our results compared
with the earlier quoted value by Scheier and co-work@rs.
Access to experimental data of higher accuracy is therefore
necessary for a more critical test of the calculations.

35+
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lonization Energy (eV)
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IV. SUMMARY

5 : s - - - - We have studied the electronic and geometric structure
1 2 3 4 5 6 7 ionizati i
Degree of lonization and the |qn|zat|on energy of'multlply charge(g(ﬁuller_engs. .
The previously estimated linear increase of the ionization
FIG. 4. lonization potential of g* (x=0-7. energy is again reproduced. From our calculation a stable
structure of the charged g up to charge 13 is expected to
E(x)=E(0)+ Xx—De' 8 et
X)= ————XA.
2C ! ACKNOWLEDGMENTS
From the least square fit of the different lines of the inset in T.B. gratefully acknowledges the Japan Society for the
Fig. 3 we get a capacitance of 8.17 a.u. from our results, romotion of Scienc€ISP$ for support. P.K. acknowledges
value of 8.03 a.u. from the results of Ciolowskial,*> and  the Deutsche ForschungsgemeinsctafG) for a grant and
a value of 9.16 a.u. from the values given by Yannouleas angdartial support by the Division of Chemical Sciences, Basic
Landmare® which should be compared with their value of Energy Sciences, Office of Energy Research, U.S. Depart-
8.86 a.u. Using a stabilized-jellium model with a smearedment of Energy.

Iw. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huff- Assembled MateriaJedited by R. S. Averback, J. Bernholc, and

man, NaturgLondon 354, 347 (1990. D. L. Nelson, MRS Symposia Proceeding No. 208aterials
2E. A. Rohlfing, D. M. Cox, and A. Kaldor, J. Chem. Phyi, Research Society, Pittsburgh, 199f. 673.
3322(1984). 103, C. Slater,The Self-Consistent Field of Molecules and Solids
SH. W. Kroto, J. R. Heath, S. S. O'Brien, R. F. Curl, and R. E. (McGraw-Hill, New York, 1973.
Smalley, NaturgLondon 162, 318(1985. 11y, von Barth and L. Hedin, J. Phys. & 1629(1972.
4S. C. O. Brien, J. R. Heath, R. F. Curl, and R. E. Smalley, JX?P. Scheier, B. Doser, R. Wogdtter, M. Lezius, R. Robl, and T.
Chem. Phys88, 220(1988. D. Mark, Int. J. Mass Spectrom. lon Prot38 77 (1994.
5S. H. Yang, C. L. Pettitte, J. Conceicaco, O. Cheshnovsky, and R®R. Woargadtter, B. Dinser, P. Scheier, and T. D. Ma J. Chem.
E. Smalley, Chem. Phys. Lett39 233(1987). Phys.101, 8674(1994).
6S. H. Yang, C. L. Pettitte, J. Conceicaco, O. Cheshnovsky, and R*S. Matt, O. Echt, R. Wigatter, V. Grill, P. Scheier, C. Lifshitz,
E. Smalley, Chem. Phys. Lett44, 431(1988. and T. D. Mak (private communication
"A. Rose and B. Watberg, Chem. Phy€0, 2525(1989. 150. Echt and T. D. Mk, in Clusters of Atoms and Molecules Il

8D. L. Lichtenberger, M. E. Jatcko, K. W. Nebesny, C. D. Ray, D.  edited by H. Haberlan@Springer-Verlag, Berlin, 1993
R. Huffman, and D. L. Lamb, Chem. Phys. Left76 203 16K . sattler, J. Minlbach, O. Echt, P. Pfau, and E. Recknagel, Phys.
(1992. Rev. Lett.47, 160(1981.

°D. L. Lichtenberger, M. E. Jatcko, K. W. Nebesny, C. D. Ray, D. 1’W. Saunders, Phys. Rev. ®!, 3046 (1990.
R. Huffman, and D. L. Lamb, inClusters and Cluster- 8U. Nzher, H. Galich, T. Lange, and T. P. Martin, Phys. Rev.



5020 T. BASTUG et al. 55

Lett. 68, 3416 (1992; U. Naher, S. Frank, N. Malinowski, U. tug, W.-D. Sepp, B. Fricke, D. Heinemann, and D. Kolb, Z.

Zimmermann, and T. P. Martin, Z. Phys. 31, 191 (1994). Phys. D22, 641(1992.
9M. W. Wong, R. H. Nobes, and L. Radom, Rapid Commun. Mass*’A. Rose, Int. J. Qauntum. ChenXlIl , 509 (1978.

Spectrom, 3 (1987. 383, Meyer, W.-D. Sepp, B. Fricke, and A. ReseComput. Phys.
20G. seifert, R. Guttierrez, and R. Schmidt, Phys. Let?#, 357 Commun.54, 55 (1989.

(1996. 39T, Bagug, W.-D. Sepp, D. Kolb, B. Fricke, G. Te Velde, and E.
21p. Scheier, R. Robl, B. Schiestl, and T. D.'tdaChem. Phys. J. Baerends, J. Phys. BB, 2325(1995.

Lett. 220, 141 (1994). 40p. M. Boerrigter, G. Te Velde, and E. J. Baerends, Int. J. Quan-
22p_ Scheier and T. D. M&, Int. J. Mass Spectrom. lon Proc. Lett. tum. Chem.33, 87 (1988; G. Te Velde and E. J. Baerends, J.

133 L5 (1994. Comput. Phys99, 84 (1992.
23p_ Scheier and T. D. M, Phys. Rev. Lett73, 54 (1994. 4T, Bagug, D. Heinemann, W.-D. Sepp, D. Kolb, and B. Fricke,
24T, D. Mark and P. Scheier, Nucl. Instrum Methods Phys. Res. Chem. Phys. Lett211, 119 (1993.

Sect. B98, 469 (1995. 42H_ Peter Lithi and J. Almld, Chem. Phys. Lett135, 135(1987.
25B, Walch, C. L. Cocke, R. Voelpel, and E. Salzborn, Phys. Rev*3K. Yamaguchi, S. Hayashi, M. Okumura, M. Nakano, and W.

Lett. 72, 1439(1994). Mori, Chem. Phys. Lett226, 372(1994.

263, Jin, H. Khemliche, and M. H. Prior, Phys. Rev.58, 615 e Hedberg, L. Hedberg, D. S. Bethune, C. A. Brown, H. C.
(1996. Dorn, R. D. Johnson, and M. de Vries, Scier2&&l, 410(1997).
273, Satpathy, Chem. Phys. Lett30, 545 (1986. 45F. Leclercg, P. Damay, M. Foukani, P. Chieux, M. C. Bellissent-

283, saito, and A. Oshiyama, Phys. Rev. Lé6, 2637 (1991). Funel, A. Rasat, and C. Fabre, Phys. Rev& 2748(1993.

293, H. Weaver, J. L. Martins, T. Komeda, Y. Chen, T. R. Ohno, G.%%J. M. Hawkins, A. Meyer, T. A. Lewis, S. Loren, and F. J. Hol-
H. Kroll, N. Troullier, R. E. Haufler, and R. E. Smalley, Phys. lander, Scienc@52, 312(1991)).

Rev. Lett.66, 1741(1997). 4H. Steger, J. Holzapfel, H. Hielscher, W. Kamke, and I. V. Hertel,
30C. Yannouleas and U. Landman, Chem. Phys. L21t7, 175 Chem. Phys. Let234, 455(1995. I. V. Hertel, H. Steger, J. de
(1994. Vries, B. Weisser, C. Menzel, B. Kamke, and W. Kamke, Phys.
31y. Thumm, T. Batig, and B. Fricke, Phys. Rev. &2, 2955 Rev. Lett.68, 784 (1992.
(1995. 48M. Sai Baba, T. S. Lakshimi Narashimhan, R. Balasubramanian,
323, Ciolowski, S. Patchkovskii, and W. Thiel, Chem. Phys. Lett. and C. K. Mathews, Int. J. Mass Spectrom. lon Prb25 R1
248 116 (1996. (1993.
333, Jortner, Z. Phys. D4, 247 (1992. 49C, Lifshitz, M. Iraqi, T. Peres, and J. E. Fischer, Rapid Commun.
34M. Tinkham, Am. J. Phys64, 343(1996. Mass Spectromb, 238(1991).
35A. Rose and D.E. Ellis, J. Chem. Phy82, 3039(1975. S0R. Waorgatter, B. Dinser, P. Scheier, and T. D. Ma J. Chem.
36W.-D. Sepp, D. Kolb, W. Sengler, H. Hartung, and B. Fricke,  Phys.101, 8674(1994; P. Scheier, B. Duser, R. Wogdtter, M.
Phys. Rev. A33, 3679(1986; A. Rosen, E. Westin, E. Matthias, Lezius, R. Robl, and T. D. M&, Int. J. Mass Spectrom. lon

H.B. Nielsen, and J. Reif, Phys. Sar23, 185(1988; T. Bas Proc.138 77 (1994.



