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Density functional study of carbon clusters C  ,, (2=<n=<16). |. Structure
and bonding in the neutral clusters
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Density functional calculations have been performed for many isomers of neutral carbon clysters C
(4=n<32, n even using both local spin densit{t. SD) and gradient-correcte(Becke—Perdey
approximations to the exchange-correlation energy. The stable isomers include chains, rings, cages,
and graphitic(“plate ” and “bowl” ) structures, and we observe a fourfold periodicity in several
structural classes aschanges. Stable cages exist for all clusters with8, and double rings are

less stable than the monocyclic rings in all cases. Most planar structures have low-frequency
out-of-plane vibrations. Gradient corrections often change the ordering of the energies of the
isomers, but the effects are remarkably regular within a given structural typel99® American
Institute of Physicg.S0021-960609)30210-3

I. INTRODUCTION experimental conditions® Annealing studies indicate that
While carbon clusters (Chave been the subjects of in- anion isomers fon>30 include mono-, bi-, and tricyclic
vestigation by astrophysicists and molecular spectroscopisiings, graphitic, and fullerene structures. Bicyclic clusters
for decades, the identification of carbon cluster catiofis C observed in ion drift measurements of unannealed beams an-

up ton=190(Ref. 1) and the postulation of the “fullerene” neal readily to monocyclic ring¥, which dominate forn
structure for @ (Ref. 2 caused an explosion of interest in =10-36. The authors of Ref. 14 found little evidence of
the field. The prediction of new low-energy forms of graphitic structures, although they expected that they would
carbon® recent advances in carbon nanotubesmnd the be more stable than monocyclic rings for-30. The most
preparation of a solid form of & (Ref. 5 have helped main- detailed information on carbon clusters in the gas phase has
tain interest in these clusters at a high level. Speculatiobeen provided by infrared laser spectroscopy, but has been
concerning possible mechanisms for formation of the largerestricted so far to the linear triplet states of @ef. 19 and
carbon clusters—often cagelike structures comprising hexac,; (Ref. 16. The stabilization of linear isomers with 8—28
gons and pentagoh$—and the nature of the precursors in- atoms by the addition of nonreactive terminal groups has
volved has often focused on the isomers of smaller clusterseen observetf, and photoelectron spectra of monocyclic
and their relative stabilities. The mass spectra for carborC for n=12,16,18,20,24 have shown clear differences be-
cluster cations are distinctly bimodalith clusters forn  tween the cases=4N andn=4N+2 (N integei.*® Further
=32 occurring mainly for even values of, while smaller ~measurements on Cfor 10<n<16 provided evidence for
clusters occur for alh. It is often assumed that this break the existence of ring and chain isomers under different con-
arises from a transition to structures that are formed by penditions of laser fluenc& Recent Raman spectroscopic mea-
tagons and hexagonislt is interesting to note that early surements on size-selectegsCCyg, and Gy clusters in ni-
measuremenfson carbon cations from £to Cyg showed a  trogen matrices appear to rule out the bowl and ring isomers,
variation in abundance that was odd—evem+te8, but with  favoring linear chain&
a fourfold periodicity for larger clusters. This was interpreted  The difficulties in performing experiments on highly re-
as evidence for the presence of graphitic structures. active clusters, the practical necessity of studying charged
Small carbon clusters are highly reactive in the gasspecies, and occasionally contradictory results present a chal-
phase and difficult to prepare and analyze. Neverthelesenge to theory. There have been numerous calculations on
there is much evidence that a range of structural types o@lusters with up to 10 atoms, with the main focus on the
curs. PhotoelectrofPE) spectroscopy on [ anions indi-  relative energies of the ring and chain isomers. However,
cated linear structures up to=9, with monocyclic rings larger clusters present immense difficulties for all parameter-
from n=10-29. The transition from chains to rings @t free methods of calculation, and only a fraction of the many
=9 is supported by PE data on annealed clusfershich  C, isomers with between 10 and 30 atoms have been studied.
were also interpreted to favor bicyclic rings for=20—28.  Hartree—FockHF) calculation have been performed for iso-
Significant differences between the results fof @d G mers of G, (including two bicyclic ring$! and G,.%? HF
ions are evident in gas chromatography studfdiear an- and second-order Mgller-Pless@¥P2) calculations were
ions are detected tog, while linear cations are not found performed for ring isomers from (g to Czs and for cages
beyond G,. Recent high-resolution data assign the anionswith n=20,24,26,...23 Moreover, the most reliable wave
for n=13,17,18,24 to short carbon chains attached to dunction based calculations, which are computationally ex-
ring.}? The Cygion can be found in abundance under certaintremely demanding and possible only for fixed geometries,
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yield different orderings in the energies of,{Cisomers. latter we used the “BP” form, with modifications to the
Quantum Monte Carlo calculatioffspredict that the bowl €exchange and correlation energies of Becke and Perdew,
structure is more stable than ring or fullerene isomers, whilgespectively?®
coupled-clustefCC) calculation®® indicate that the fullerene The structure of the most stable isomer is not known
is slightly more stable than the bowl, with the ring consider-with certainty for any cluster size, and a range of starting
ably higher in energy. geometries has been used in each. Many such structures were
The picture arising from density functionéDF) calcu-  generated with{a) a DF-based tight-binding approach used
lations is also ambiguous. While calculations with the localpreviously to study the ionization energies of fullereffes,
density (LD) approximation give rise to an isomer ordering and (b) a combination of DF calculations with simulated
that is similar to the CC results, the incorporation of gradientannealing MD/DF) at temperatures between 20 and 55¢'K.
corrections lead to dramatic changes in the relative energieghe latter technique allows us to study the stability of struc-
for C,o (Ref. 26 and G, (Ref. 27. Other DF work includes tures corresponding to shallow minima in the energy surface
calculations on ring isomers of;;2 LD calculations on six ~and to generate additional structures by modifying known
isomers of G, (Ref. 25 and calculations of the fully opti- forms. Examples are given by the cage structures,in(§ee
mized structures and energies of the ring, bowl, and cag&ec. Ill B, which were substantial distortions of structures
structures of G,.2%%° Calculations with a gradient-corrected derived from G, cages by removing different pairs of atoms.
functional and the Harris approximatiinhave been made Many of the planar or near-planar structures have low-
for the structures and binding energies for some cage isomehging vibration frequencies (corresponding to shallow
for n between 8 and 12%: The Harris approximation has minima in the energy surfager imaginary frequencie&or-
also been used in a study of fullerene molecules fragt€  responding to saddle pointsStructure optimization can be
Co40 Using a combination of molecular dynamics with DF time consuming in such cases, where simulated annealing
calculations®* The main focus in these studies has been on(MD/DF) calculations have proved very useful to generate
cage structures with five and sixfold rings. starting geometries. Initial coordinates for cage structures of
We describe here DF calculations of the energy surface€,;, and G, were taken from the results of DF-based
of numerous isomers of carbon clusters with between 4 andalculations>* Numerous planar structures are closely related
32 atoms, using both LSD and gradient-correcte€) ap- to well-known aromatic molecules. Examples are thg C
proximations for the exchange-correlation energy. There aréorm related to naphthalene and thg,Gorms related to
no constraints on symmetry. The large range of cluster sizegnthracene and phenanthrene.
has been achieved by restricting the calculationseten The MD/DF calculations use periodic boundary condi-
numbers of atoms, although we have noted that these agins with a(simple cubig unit cell with lattice constant 20
often the most prevalent in mass spectra. References 35 aagl., and a plane wave basis set with a single pdirt@) in
36 contain references to theoretical work on clusters withthe Brillouin zone and an energy cutoff of 30 a.u. The
odd numbers of atoms. The results on small clusteith  electron—ion interaction is described by the nonlocal pseudo-
between four and ten atognallow comparison with earlier potential of Troullier and Martin&? using thed-component
work, but there are some unexpected results even here, sugh the potential as the reference local paft sp
as the cage forms of dCand Go. The number of possible nonlocality”). These calculations were all performed with
isomers increases very rapidly with increasing cluster sizeshe local spin densityLSD) approximation to the exchange-
and it is not possible to study all in clusters with up to 32correlation energy, and we emphasize that they were used as
atoms. The present survey has nevertheless been very exteimeans of generating reasonable starting geometries for the
sive and enables us to identify several bonding trends unamsybsequent calculations.
biguously. All structures and binding energies presented below
In Sec. Il we outline necessary details of the method ofyere obtained using an all-electron density functional pro-
calculation, in Sec. Ill we present the results for the StrUC'gram DGAUSS,38 which uses a one-electron basis of con-
tures and relative energies for the isomers of differept Ctracted Gaussian-type orbitals. The results described adopted
clusters, and in Sec. IV we discuss the results with particulag triple-zeta valence type basis withdatype polarization
reference to the changes in bonding patterns with increasingnction 3 with the A2 auxiliary basi to represent the den-
cluster size. A forthcoming paper will discuss the aniogs C sjty and exchange-correlation potential. This method was
and cations €, ionization energies, vertical detachment en-|,seq previously by Hutteet al* for linear and monocyclic
ergies, and the vibration frequencies of the stable clusterssomers of G to Cig. The first report on this study gave
Preliminary results of this work ({z to C;;) have been resyits using a different triple-zeta ba&iswe discuss the
published?’ dependence of the results on the different basis sets in the
Appendix.
The molecular states of the structures given below are
singlet unless otherwise stated, but the incorporation of spin
The structures and relative energies presented belows often essential. The lowest energy states in the linear
were determined using all-electron DF calculations with archains, for example, are triplets that are unstable to distor-
extended Gaussian basis Al structures were optimized tions to monocyclic rings. Higher spin states were also cal-
separately using the LSD approximation and a nonlocatulated if required by symmetrge.g., the tetrahedral struc-
modification involving the gradient of the density. For the ture of Gg) or if the spin-free calculations led to a small gap

II. DENSITY FUNCTIONAL CALCULATIONS
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between the highest occupiédOMO) and lowest unoccu-

pied (LUMO) molecular orbitals.

Ill. RESULTS

Energies of different isomers are shown relative to that
of the monocyclic ring structures, and the energies are for the
clusters not per atom. The lines joining the LSD and BP
values represent the structutgpe Full lines indicate cages,
dotted lines with solid triangles represent double rings, and
“graphitic” structures (squareps include both planar
(“plate™ ) and bent(*bowl!” ) forms. The isomers of a given
cluster are labeled according to the relative energies of the
LSD calculations, e.g., 10) is the most stable form of G,
and 1@4) the fourth most stable. Numerous isomers with
energies far above the ring structure are not discussed.
“Bonds” in the figures indicate that the atoms are separated
by less than 1.70 A.

The structural parameters determined using LSD and BP
functionals are usually very similar, with LSD bond lengths
usually being slightly shorter and the vibration frequencies
correspondingly higher. Structural parameters given below
are for the LSD approximation, and the coordinates of the
most stable structures are availaffiBy contrast, the rela-
tive energies calculated using the two approximations show
pronounced differences. The immense literature on carbon
clusters in this size range has been reviewed by other au-
thors,*’ and we focus here on recent work and that of im-

mediate relevance to the present calculations.
depends on the way that electron correlations are treated, but
A. C4, CGI Cs, ClO . . . . . .
multi-reference configuration interaction calculations suggest
The linear and ring isomers of,€C,, have been studied that the planab s}, isomer is the most stable;0.3 eV below
on many occasions. The present results for these and oth#ire linear form. The present calculations indicate that cage-

FIG. 1. Structures of isomers 0f;CCq, Cg, and Gy.

isomers are shown in Fig. 1. The triplet chaiﬁL)4(325),
with r,=1.312 A andr ,,=1.291 A[1.323 A, 1.298 A, BP
is the most stable form of £ The Dy, isomer[4(2), rq,
=1.445 A, a1,5=62.0°] lies 0.26 eV higher in the LSD cal-
culation [BP: 0.60 eV,r,,=1.460 A, a;,5=62.4°, with a
high-spin(quinte) butterfly structure a further 3.54 €3.61
eV, BP| higher in energy.

Extensive coupled-cluster calculatibhsf the linear and

like structures, including th®, prism, are unstable to an-
nealing at low temperatures.

For G;, LSD calculations favor the ring structuf8(1),
Cun, r15=1.371 Ar,;=1.261 A 0;=162.1°,a,=107.9
by 0.60 eV over the chaif8(2)]. BP calculations show the
opposite ordering, the magnitude of the energy difference
being 0.48 eV. The coupled-cluster calculations lead to a
ring structure that is more stable than the chain by 0.26 eV.

rhombic forms of G indicate that the energies are almost The eight-atom cluster is the smallest in the present work for
degenerate, and the calculated atomization energy is close ¥hich cage structuref8(3,4,5] are stable. Structure(®
recent experimental estimates for the linear f8fnlthe  [cubic (Oy,), interatomic distances 1.468]Aies over 3 eV
present calculations lead for, @ the familiar result that the higher in energy than the other two, and its lowest vibration
cohesive energies calculated with the @Padient-corrected  frequency is 720 cm'. It was discussed previously in Ref.
functional (BP) agree better with experiment than do the 32. Two other structures that are the most stable forms of the
LSD values. On the other hand, the LSD value of the energphosphorus octam@rare also stable isomers 0§ CTheC,,
separation between the two dimers is closer to the coupledstructure &4) lies 1.18 eV above the cubic form and has a

cluster value.

The cyclic form of G [6(1), Dgp, r1;=ry=1.319 A,
a1=146.8°,a,=93.1° is more stable than the linef(2),
r1,=1.302 A,r,3=1.288 A,r;,=1.275 A] in both LSD and

lowest vibration frequency of over 400 ¢rh With the ex-
ception ofry, (1.69 A), the bond lengths are in a narrow
range between 1.42 and 1.46 A. The, form 8(5) lies more
than 2.5 eV higher in energy than43. In this caser;,

BP calculations, by 1.25 and 0.1 eV, respectively. The iso=1.68 A, with the bonds in the butterfly units being 1.44 A

mer observed by infrared laser spectros¢fpg a cen-

trosymmetric linear triplet state with effective bond length

1.2868 A. Coupled-cluster calculations of Hutter andHit?

long.
The ring isomef10(1)] is by far the most stable ing,
and it was the only one considered in the coupled-cluster

and of Martin and TayldY favor the ring structure by 0.46 calculations. Previous studies of Zing structures indicated

and 0.47 eV, respectivelyAb initio calculations of Pless
et al>°

that three monocyclic structures were essentially

also show that the relative stability of the isomersdegeneraté? and it is apparent that the relative energies de-
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pend sensitively on the basis set and method Gb@uiffu-

. . . S 8
sion Monte Carlo calculatio$indicate that theDsy, ring is
0.3 eV more stable than the cumulenic ring wi2hy, sym-
metry, while DF calculations favor the latter. The present 7 1
calculations also led to the latter structure, with=1.286 9

A. The chain structur10(2)] is a saddle point in the energy
surface, with imaginary frequencies corresponding to distor-
tions into the ring structure. The ten-atom chain is the short-
est associated with this instability, which occurs in all longer
chains in the present study.

Ten-atom clusters also provide the first cases of other
structural types. Small double rings usually distort into
monocyclic structures, and this is true for the singlet state
corresponding to the analog of naphthal¢b&3)]. The pla-
nar (C) structure shown is a triplet, and the highest occu-
pied molecular orbital has its maximum amplitude on atoms
1 and 2. The lowest vibration frequen¢y60 cm ) corre-
sponds to an out-of-plane bending mode. Thg structure
10(5)—analogous to tricyclodecapentene—is a saddle point
in the energy surface that is unstable to an out-of-plane buck-
ling. A pentagonal prismDs,) was considered in Ref. 33.
The present calculations indicate that this is unstable against
distortion to the single€C, structure 1(4). The triplet state
with this structure is a saddle point in the energy surface. LD BP 1

Carbon clusters with up to ten atoms are those that have
been studied in most detail previously. The geometricaFIG. 2. Structures and energi@elative to the monocyclic ringof isomers
structures found in the present work agree well with othepef Ci, (eV). LSD and GC values are conne_cted by lines repre;enting the
calculatons, and we have found some addiional StructureCL) P 1 Cages. dotec: poule g crosses Chans, savres
It is already apparent from these results, however, that thgom below according to the LSD energies.
relative energies of the isomers can be quite different for the

LSD and gradient-correctedBP) approximations to the _ _
exchange-correlation energy. This will also be evident inisomer where the number of bondsiéssthan in the mono-

larger clusters. cyclic ring, and gradient corrections lead to a change of the
oppositesign. However, theumberof bonds is not the only
criterion for the stability of a particular structure. The planar

B.Cy, structure comprising two hexagomn42(6)] is more stable

. . . .__than the hexagonal prism in both LSD and BP calcu-
The geometrical structures and relative energies of isoy. g P ®

mers of G, are shown in Fig. 2. Previous DF calculations lations.
with the BP functiond!* showed that the ring structure (12
was more stable than the linear chain(4)2and the present
calculations show that this is true for the LSD functional as  The structures and relative energies of isomers gf, C
well. There are interesting features in the other isomers. Th€,4, and Gg are shown in Figs. 3, 4, and 5, respectively.
planar double-ring structure (2 is unstable to low- Previous wave function and DF calculations ip, @ere ap-
temperature annealing, on which it reverts tdl32and a  parently restricted to the monocyclic rig4(1)] and linear
second bicyclic structure {3) is buckled. The planar analog chain[14(7)] structures. The former is the most stable isomer
of the last is strained because the bond angles at the threefabd C,, by more than 3 eV, but double ring and graphitic
coordinated atoms are quite different from their optimumstructures are also evident. The triple ring structure&)14
values. and 148) are unstable to low-temperature annealing, open-
The cage structure 18 was considered in Ref. 32. The ing into the ring 141). The cage structure 13 with D,
present calculations find two other cage structyiEX5), @ symmetry comprises four- and five-membered rings and is a
12(7)] with lower energies, and a tetrahedral structuré)2 singlet. The planar structure (4, related to pyracylene, has
with a higher energy. A particularly striking effect is re- been of interest in the context of fullerene isomerization,
peated throughout this work: While gradient corrections havavhere it is the structural unit of the Stone—Wales
a pronounced effect on the energetic ordering of the isomersearrangement Isomerization can be viewed as the rotation
the effect is very smallvithin a given structural type. This is of the central bond, with an interchange of the pairs of pen-
evident in the almost parallel curves corresponding to théagons and hexagons.
four cage structures in Fig. 2. The three bicyclic structures  The monocyclic ring 1@l) is also the most stable of the
show a similar effect of gradient corrections, although thel6-atom isomers, and a bicyclic ring6(3)] is related to the
changes are smaller in the cages. The linear chain is the onhuckled isomer of &, [12(3)]. It is closer to planarity than

AE (eV)

2

C.Cu, Ci6, Cyg
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FIG. 3. Structures and energigelative to the monocyclic ringof isomers
of Cy4 (eV). See caption to Fig. 2.

LD BP

B.E8.LEB

FIG. 5. Structures and energi@slative to the monocyclic ringof isomers
the latter, reflecting the reduction in strain with increasingof Cis (V). See caption to Fig. 2.
ring size. A bowl structur¢l6(2)] is the second most stable
in the LSD calculations. It has a central four-membered unit

and is more stable than the planar graphitic structur¢s)16 and 1610). There are several cage structures, the most stable
of which [16(4)] is closely related to 18). The cage struc-

tures all contain four- and five-membered rings, an@81L6
contains a three-membered ring. A structural type containing
a triangle (related to cyclopropands evident for the first
time in 167). This is also the first appearance of a double
ring with a central four-atom unit, although this structure is
unstable to out-of-plané&wist) deformations.

C,gis the first cluster in which a cadé8(1)] is the most
stable form in the LSD calculations, although BP calcula-
tions predict the ring18(2)] to be the most stable. The cage
structures 18) [C,,] and 186) [C,] contain four-, five-,
and six-membered rings. The cagedg C,,] is similar to
18(1) but lies significantly higher in energy, suggesting that
combinations of four- and five-membered rings are favored
over structures with three- and six-membered rings. The
bowl structure[18(3)] is related to 1€2), but it is planar in
C,5. The monocyclic ring18(2)] has a cumulenic structure
(r1,=1.280 A, @;=160°) and is a local minimum in the
energy surface. On the other hand, restricted Hartree—Fock
calculationé® lead to a polyyne(polyacetylenig ring, and
these authors attribute the difference to a tendency of DF

&

- -
Y w

&
S - I

AE (eV)
)

C calculations to favor allenic structures. The bicyclic rings
P ER— 1_6_ 18(4), 185), and 188) correspond to local minima in the
1 energy surfaces, but low-frequency out-of-plaiiending
vibrations occur in all. A bicyclic structure wittwo triangu-
D BP lar units[18(7)] is stable in Gg and has low-frequency bend-

O.0.8.5.8
B 8.0

ing modes. As in the case of;§ the highest-lying double-

FIG. 4. Structures and energigslative to the monocyclic ringof isomers ~ 11NQ strut_:ture[18(10)] is unstable to out-of-planétwist)
of Ci4 (€V). See caption to Fig. 2. deformations.
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These three clusters demonstrate some interesting trends.
First, the cage and graphitic structures become energetically
favored with increasing cluster size. The bicyclic structures
contain lobelike rings that are often far from circular. It is
evident that the overall strain in a structure can be reduced
by having ring sectors with small curvature. The relationship
between the relative energies calculated with the LSD and
BP functionals also applies to these systems. While there are
significant differences between the ordering of the isomer
energies, the changes within any structural type are small. It
is not always possible to assign a structural type unambigu-
ously, so that not all lines in the figures are parallel. An
obvious example is the structure (2§ which shows a be-
havior intermediate between the planar graphitic structures
16(5,10 and the cage 18). The overall trend is nevertheless
clear.

&
/

Y
w

-

SN

81,

AE (eV)
o

D. Cyo

If “fullerenes” are defined to be polyhedral cages rof
threefold coordinated carbon atoms with 12 pentagonal and
(n/2—-10) hexagonal faces,then Gy is the smallest. It is
not surprising that it has been used as a test case in studies -5
using a range of methods. As noted above, studies of several LD BP
isomers were performed with Hartree—Fock and LDA
methods’! While subsequent quantum Monte C&fland
coupled-clustér calculations gave contradictory results con-
cerning the relative stability of the low-lying isomers, there
is general agreement that the incorporation of gradient cor-

rections in DF calculations results in large changelsDA low-lying isomers of G,, with the aim of clarifying the
calculations on bicyclic ring isoméfsindicated that such confusing picture that has arisen. The central idea is to take
structures were unlikely to be amongst the most stable.  qyantage of the fact—also evident in the results discussed
The present LSD calculations shown in Fig. 6 agree venpere_that theoretical methods have similar bonding errors
well with the fully optimized energies found previous. iy similar bonding situations. If we consider isodesmic reac-
The cage structurf2(1)] is ~4 eV more stable than the (ions in which the number of bonds of each formal type is
ring 20(6), with the bowl[20(2)] lying between them. The  conserved, then errors in energy differences may be mini-
BP results differ in detail from earlier results, all of which ized. If reliable experimental data are available for some
were obtained with different gradient-corrected functionalsg,cp differences, then useful assessments of the energy or-
and some of which used geometries optimized in Hartreeqgring of the isomers should result. Raghavachari was able
Fock calculations? In addition to theC,y, structure 201), g relate the formation energy of the ring isomer gf @ the
which is a(smal) Jahn-Teller distortion of a dodecahedron peats of formation of acetylene and diacetylene, and that of
(In), we find cage structures at higher energies containingse howl isomer to those of ethylene and benzyne. The final
four-, five- and six-membered rings. All bicyclic structures ragyit was that the bow! and cage isomers are comparable in

lie higher in energy and have low-frequency out—of-planeenergy and significantly 1.4 e\) more stable than the
vibration modes. The buckled structure(@0shows a small ring.

departure from planarity.

The cage structures &) and 2@5) are related by the
Stone—Wales transformation, which changes the positions 0!%
pairs of pentagons and hexagons. The presence of four- C,, is the only even-numbered cluster with 20 or more
membered rings means that these structures are natoms that cannot exist as a closed structure containing pen-
fullerenes as defined above, but they are smaller than thiagons and hexagons aloh&he statements that it does not
smallest fullerenéC,g, 28(2)] that supports such a transfor- exist as a closed caye’® reflect perhaps the preoccupation
mation between enantiometsThe energy difference be- with structures comprising five- and six-membered rings,
tween the two structures is 1.15 eV. The relative energies odind carbon cages with fourfold rings have been overlooked
the isomers are again remarkably similar within a particulauntil recently>”*°Figure 7 shows that such structures are the
structural type, although we note again the difficulty of as-most stable in the LSD calculations, although the monocyclic
signing the bowl 2() and the planar structures @@,12 to ring is favored by the BP functional. Structures(22and
the same class. 22(2) have C, symmetry, and 2@) and 225) have C,,

Raghavachatf has made an interesting study of the symmetry. The cage structures have one, two, five, and six

&.0.8.45.4.8
B 8.0.0

FIG. 6. Structures and energigelative to the monocyclic ringof isomers
of C,, (eV). See caption to Fig. 2.

. C22
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. . o . FIG. 8. Structures and energi@slative to the monocyclic ringof isomers
FIG. 7. Structures and energi@glative to the monocyclic ringof isomers of C,4 (€V). See caption to Fig. 2.

of C,, (eV). See caption to Fig. 2.

planar structure to form an external ring. The plate structure

four-membered rings, respectively, and their stability de-4(4) now has a central pentagon and forms a bowl to lower
creases with increasing numbers of four-membered rings. tne strain. The energy differen¢eSD) between these struc-
The graphitic structure 28) has low-frequency out-of- yres is 2.0 eMBP: 2.1 eVj. An increase in the stability of

plane vibrations is considerably more stable than the bicycli¢ghe cage and graphitic structures relative to ring and chain

structures, all of which are planahll bicyclic and graphitic  stryctures is quite evident. The bicyclic rings show the same

structures have low-frequency vibrations corresponding tQeatures that have become familiar in the smaller clusters:

out-of-plane bending modes. All structures are planar and have low-frequency vibration
modes corresponding to out-of-plane bending. Several mea-
F.Cys surements have been interpreted as giving evidence for the

. ) presence of bicyclic rings in the gas phase, but the present
Isomers of G, have provided a valuable testing ground g\ gy of the energy surfaces suggests that such rings deform

for methods of electronic structure calculation. CalcuIatlonsread”y into nonplanar structures. The effects of gradient cor-
on four isomers[24(1,2,3,8] using second order Maller— o qiions on the ordering of the isomer energies of a cluster

Plesset theoA predicted that the graphitic structure (34 increase as the number of bonds increases.
should be the most stable. The dramatic effect of gradient

corrections on the relative energies of isomers was shown bé G Con G C
single point calculations using Hartree—Fock geomeétfies ~- ~26' 28+ 30+ 32
for the isomers 24.,2,3,5,6,8,12shown in Fig. 8. We have The most stable isomer in,gby far is found to be a
calculated these and several bicyclic structures as well. Aahn—Teller distortiofiC,, , 26(1)] of the most symmetric
second bowl-like structure considered in Ref. 27 is much lesfullerene D4) [Fig. 9]. The second cage structure consid-
stable. ered[ C,, 26(2)] contains four-membered rings and lies more
Figure 8 shows that £ is the first cluster for which cage than 5 eV higher. The other isomers follow the trends al-
structures are unambiguously the most stable in both LSDeady apparent. The graphitic structuf26(3,5,6] are gen-
and gradient-corrected calculations. The fullerene structurerally more stable than the bicyclic rings, and all planar
24(1) is more stable than the other cages24and 245), structures have low-frequency out of plane bending modes.
both of which contain four-membered rings. The graphiticAs is the case of other &lusters withn=4N+ 2, structure
structures 2@) [ Dg;, ] and 244) [ C,, the Ggbowl with four ~ 24(10) has two triangular units.
atoms added to form a “ladl€g]’are amongst the most stable. C,5 has been one of the most interesting clusters in the
The structural difference between (3% and 244) may be range considered here, as it is apparently the smallest carbon
viewed as the transfer of a four-membered unit from thecluster that can trap another element inside. Earlier §6rk
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617 - ing demands on computing resources with increasing
SSol means that we have restricted the present study ft@€
I N fullerene structures and representative members of the other
4 A structural types. The cage structures arél82D;], 32(2)
9 10

[C,], 323) [D5], 32(4) [Jahn—Teller distortion oD 4], and
32(5) [D3p]. 32(4) is an example of a structure with stable

1 single, triplet, and quintet states. The singlet is the most
stable in both LSD and BP calculations, and the triplet and
quintet states are 0.3 and 1.0 eV, respectively, high8D).

- 7 8 The simplified DF method of Adamet al3* leads to the
same ordering of the energies of the cages ip &@d G,

and all energies relative to the ring structures are within 0.3
eV of those found here. The planar and chain structures con-
sidered here lie much higher in energy. The differences be-
tween the relative energies calculated with the LSD and BP
functionals remain extremely regular.

AE (eV)

IV. BONDING TRENDS
A. Structures

LSD calculations predict that cages are the most stable
isomers fom=18, and there are stable cage structures for all
n=8. Graphitic structures and bicyclic rings are found for all
1 2 clusters, and there arenplanarforms of each for ¢ and
C,o. The monocyclic rings are more stable than the bicyclic
forms in all clusters, a finding that is consistent with ion drift
measurements.

The interest in carbon clusters has led over the years to
numerous discussions of the relative stabilities of their iso-
indicated that Gz was both tetrahedral and tetravalent, andmers. Kroto, for example, proposed that the existence of ad-
the most stable isomer found hd@8(1), T4, quintef found  jacent pentagons would be unfavorable for a cage structure,
here agrees with this. Jahn—Teller distorted structures witand Schmalzt al®? used semiempirical models to develop
lower spin multiplicity occur, and the corresponding singletadditional criteria involving the balance betweerelectron
[28(1")] lies 0.2 eV above 28) in the LSD calculations. The bonding andr-strain. A fourfold (=4N+2, N intege) pe-
second fullerene structuf@8(2), singlet, a distortion oD, riodicity related to the rules of Hikel for the stability of
symmetny is a further 0.3 eV higher. Other cage structuresaromatic molecules was observed long ago in semi-empirical
[28(3), 28(4), with seven- and four-membered rings, respec-calculations of ring isomers of C% A linear chain has two
tively] lie much higher in energy. The graphitic and bicyclic orthogonal(“ideal” ) 7-bonds per atom, with the exception
structures are higher in energy and susceptible to out-ofef the unsaturated terminal atoms. There are no unsaturated
plane distortions. Structure @ undergoes twists, for ex- atoms in the monocyclic rings, but only theorbitals per-
ample, and 2@B) is unstable to both in-plane and out-of- pendicular to the plane of the ring are ideal. The strain that
plane bending. The graphitic structures widl3;, symmetry  results decreases with increasing ring size. A fourfold peri-
[28(6,10)] favor triplet structures. odicity is also evident in the present results. The monocyclic

There are many cagelike isomers of,Cand the present rings are “cumulenic”(with identical bond lengthsn C,,,
calculations have been restricted to the structures comprisin@;g, C,,, ..., but“polyacetylenic” (with alternating bond
five- and six-membered rings alofi80(1,2,3]. These are lengthg in the other four. The energy difference between the
much more stable than the graphitic structure with the lowestwo families can be estimated by calculating the energies in
energy[30(4), D,,, triplet]. The two most stable structures C;,, Ci5, C5, ... With all bonds of length 1.28 &he value
[30(1,2), both with C,, symmetry are related by a single found uniformly in the N+ 2 family). This difference is-1
Stone—Wales transformation, and the energy difference beeV and decreases with increasingDensity functional cal-
tween them(0.10 eV in both LSD and BP calculations  culations for much larger rin§$show that alternation is still
much smaller than in the isomers offhat are related by observed fom~40.
the same transformation. Of course, the small energy differ- The results for the graphitic and bicyclic structures show
ence does not imply that the energy barrier between them isiteresting featurega) The double ring structures generally
small. The other fullerene structure (3D is a Jahn—Teller comprise rings with even numbers of twofold coordinated
distortion of D5, symmetry. LSD and BP calculations lead atoms. An exception is 18), where the odd-numbered rings
again to remarkably similar energy differences within a par<comprise almost linear £segments. Other odd-numbered
ticular structural type. rings with similar segments distorted during structure opti-

The rapid increase in the number of isomers and increagnization to even-numbered rings with smooth variations in

LD BP

FIG. 9. Structures and energi@glative to the monocyclic ringof isomers
of C,g (V). See caption to Fig. 2.
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FIG. 10. Structures and energigslative to the monocyclic ringofisomers  FiG, 11. Structures and energislative to the monocyclic ringof isomers
of Cy (V). See caption to Fig. 2. of Cy (V). See caption to Fig. 2.

bond | h 4 bond | h leni note that many topologically possible structures are energeti-
ond lengths and bond angles. Such cumulenic segments r&'Ellly unstable, and that the energies of other structures lie

qhuwe_an e\I/en nulmber of tWOf_OId coordl_natle(i ato_ms, SO tha\;\/ell above the corresponding ring isomer. The calculations
the triangular(cyclopropangunits occur singly fon=4N in - gpq14 nevertheless provide a reliable guide to the predic-

sym_metric bicycliq rings, but in pgirs fon=4N+2. (b) __tions of the LSD and BP functionals of the most stable iso-
Strain effects manifest themselves in several ways. Buckling .. ¢ aach family. We now examine the variation with

from the planar structure in the double rings3)6and 2Q48) .y ster size of the stability of the lowest-lying isomers of
allows the bond angles at the threefold vertices to be closeéach type.

to the optimumsp? value. Ring segments with small curva-

ture occur in numerous lobelike structures, in bicyclic struc- . )

tures with four atoms common to each ring, and in structureg' Cohesive energies

with rings of different size, e.g., 18), 16(9,10. We have noted in Sec. | that several sets of experimental
There is a tendency among the graphitic isomers of alata have provided information about the trends in the struc-

given cluster for the stability to decrease as the number ofures of the energetically most favorable Gomers asm

peripheral twofold coordinated atoms increapsee, for ex- changes. The model calculations of Schnetlzal®? favored

ample, C226,10,14]. In addition, six-membered rings ap- chains up ton~10, followed by graphitic fragments to

pear to be more stable than five-membered rings. Both fea~24, when cages became the most stable. It is interesting

tures are consistent with the model calculations of Ref. 62that these qualitative results are consistent in part with the

which are based on the balance betweetonding and results of the present calculations.

o-strain. It should be noted that graphitic covers both planar  The calculated cohesive energigsnding energies per

and nonplanar structures in the present work, and the distinaton) of the most stable isomer of each type are shown in

tion betweensr- and o-bonding is not precise in the latter. Fig. 13. The most striking effect is that gradient corrections

The development of structures with central isolated pentalower the LSD values by~1 eV, a change similar to that

gons can be seen for;£to Cyoin 16(10), 18(3), and 2@2). found in clusters of other main group elemettsiowever,

The last of these is clearly the most stable of the three, rethe effects of gradient corrections on the total energy are

flecting the relative compactness of the structure and theuite different for different structural types. Figures 1-12

larger number of threefold coordinated atoms. show that they are smallest in cages, followed by the gra-
It is obvious that the structures shown here are not alphitic (plate and double ring structures, i.e., the effects de-

possible isomers, particularly for the larger clusters. Even focrease as the average coordination number increases. There

planar structures, there is a dramatic increase in the numbare fewer bonds in thégenerally metastabldinear chains

of multiple-ring and graphitic structures asincreases. We than in the monocyclic rings, and the gradient corrections
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FIG. 12. Structures and energi@slative to the monocyclic ringf isomers ~ FIG. 13. Cohesive energiebinding energies per atom, ¢\6f the most
of Cs, (eV). See caption to Fig. 2. stable of different isomer classes in-&;,. See caption of Fig. 2.

reducethe energy difference between them. Although thetural types with changing cluster size, and they show distinct
relative energies of the isomers are remarkably simiignin ~ differences between the predictions of calculations using the
a given structural familythe lines connecting LSD and BP LSD and Becke—Perdevgradient-corrected approxima-
results in the figures are nearly parallel in all cas¢isey  tions to the exchange-correlation energy. In the case of struc-
change the predictions for the most stable isomers in severéires of thesamestructural type, e.g., cages, the two approxi-
cases. mations give remarkably similar predictions of the relative
One of the interesting trends apparent in Fig. 13 is theenergies. It would be interesting to see further studies using
increased stability of cage structures rasncreases. Apart correlated wave functions on some of the clusters discussed
from C,y, where increased stability is associated with thehere.
first fullerene structure, the variation in both the LSD and BP ~ The experience with calculations using the LSD and BP
results with increasing is remarkably regular. In particular, approximations leads to an observation that should be rel-
the cohesive energies of the nonfullerene structurgsa@d ~ evant for similar studies. For clusters of 20 or more atoms it
C,, can be obtained by extrapolating the values for théhas been common practice to adopt geometries optimized
fullerene structures of the larger cages. The cohesive enewith one method(e.g., Hartree—Fogkfor single-point en-
gies of the monocyclic rings shows the expected fourfoldergy calculations with a different approximation. As noted in
periodicity, and the LSD and BP curves are almost exacthyRef. 29, this can lead to significant errors. The use of HF
parallel. This reflects the fact that the number of bonds peg€ometries in &, leads to LSD energies for the ring that are
atom is constantunity) for all such rings. There is a weak ~1 €V too high, with smaller errors for the bowl and c&fe.
fourfold periodicity in the bicyclic ring structures, and the In the present work the use of LSD geometries for BP cal-
graphitic structures show pronounced stability fof, @nd  culations leads to errors in the relative energies of the latter
Cs,. The chains show a very smooth variation as the lengtt®f up to 0.5-1 eV. If higher accuracy is required, geometries
changes. The number of bonds per atom decreases uniform@id energies should be optimized separately for each method
with increasingn, and the difference between LSD and BP under consideration.

cohesive energies increases smoothly. Experimental measurements are the final judges of any
theoretical prediction, and the experimental identification of
V. CONCLUDING REMARKS the most stable isomers in these clusters would test—

amongst other things—the relative merits of different DF
The present work describes the results of an extensivapproximations. However, experiments on such clusters are
density functional study of the structural and cohesive propeomplicated by the high temperatures often used to generate
erties of carbon clusters with up to 32 atoms. The resultshem and the use of ions for mass separation. We have fo-
show clear trends in the relative stabilities of different struc-cused on the energy surfaces of neutral clusters, and the re-
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