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Development of bond-length alternation in very large carbon rings:
LDA pseudopotential results
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Carbon rings ¢ and infinite chains C are investigated by molecular-orbital and band-structure calculations
within the local-density approximation. Carbon ringg GN=<8) exhibit a substantial first-order Jahn-Teller
distortion that leads to long/shosingle/triple bond alternation decreasing with increasMgRings Gy »
show no alternatiofii.e., aromatic behavior is retainedntil very large sizesN=20). For the infinite carbon
chain uniform Brillouin-zone sampling with an even number of poiNtsgives bond alternation. An odd
number of sampling points gives no bond alternation for less khan41. In the largeNg limit even and odd
sampling lead to an upper and lower bound of 0&7&nd 0.065%, for bond alternation and 0.021-0.090
millihartrees/atom for condensation enerf$0163-18208)51836-X]

Cycld n]carbons, or §, of size 18sn=<30 are the domi- HF results predict a Peierls-like transition and substantial
nant precursors to the formation of larger fullerenebond-length alternation §&=0.34a,, a,=Bohr radiug for
systems.? Recently, new methods of synthesis of largen=14. On the other hand, LDA methods, as discussed be-
monocyclic ring structuresn=30) (Ref. 3 and of experi- low, predict that aromatic/antiaromatic behavior persists to
mentally isolating specific size clusters through the mass s@nuch highem. For the infinite ring system, HF calculations
lection of their anionic speciésiave been developed. From predict a structure consistent in magnitude with the Peierls-
these techniques new and relatively precise spectral informdike transition of the smaller ring sizZé.The only LDA cal-
tion has been obtained for neutral carbon rings as a functiogulations for infinite ring, which were done using a linear
of size® These results suggest that aromatic behagiar ~ muffin-tin orbital scheme>*® were roughly in agreement
bond alternation fon=4N+2 rings, whereN is a natural Wwith the HF calculations for bond-length alternation and con-
numbey is retained for molecules larger than previously pre-densation energithe energy obtained in forming the altered
dicted by Hartree-Fo& (HF) and accepted in structural Structure from an optimized equal bond-length jingow-

chemistry?® ever, the LDA results presented here disagree strongly with
For moderately large cydla]carbons,n=6, there are these results. _ .
two nearly degenerate perpendicular half-filledelectron Many calculations have been reported for the similar

bands. Simple tight-bindindTB) modeld®!? predict that polyacetylene systerfi(CH),], with a single half-filled
C,y Will display strong first-order Jahn-Teller distortion Structure, whose electronic structure is similar to that of
leading to bond-length alternatiof@ntiaromatic behavior ~ cycld njcarbon. Smaller systems, e.g., benzene, show
On the other hand, ., are found to have equal bond aromatic/antiaromatic behavior. Surprisingly, the predictions
lengths (aromatic or cumulenic moleculesin the infinite  of infinite polyacetylene from first principles are still unclear.
limit, TB models predict bond alternation via a Peierls Because ther band is half filled, a Peierls-type distortion
mechanism in which the energy of a half-filled band is de-would be expected and is found in the TB model. It is also
creased by doubling the unit cell to form a band gap at thdound in the HF calculations. However, for usually more
Fermi level. The size at which aromatic and antiaromaticaccurate LDA calculations conflicting results have been
behaviors merge is a topic of considerable interest to theeported; some predicted weak bond alternafiof and
chemistry and physics of one-dimensional systems. others reported results in close agreement with experiment
The onset of the loss of aromatic character is difficult to(5=0.1%,).'°® The well converged linearized augmented
explore with first-principles theoretical methods since fully plane-wave(LAPW) LDA calculations of Ashkenazet al.
converged high level calculations are very expensive fopredicted no alternation at &fl. This work has been criti-
n>10, discouraging structural optimizati6h® Martin  cized by Mintmire and White who found an alternation of
etal® have reported local-density approximatighDA) 0.06a, and condensation energy of 0.065 millihartrees/
with gradient corrections and HF results for a system up tatom:”?! The most recent LDA calculation of SuRaagree
n=18 using a local basis set approach. We report HF resultwith these results.
for systems up tm=22 elsewheré.The HF and LDA re- The LDA calculations presented here for pure carbon
sults agree well with experimental data and with high levelrings were done using the parametrized form of the
calculations fom=10. However, fom>10 there is a quali- exchange-correlation energy obtained by Voskal?® The
tative difference between the results of HF and LDA. Theelectron-ion interaction was approximated via a generalized
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FIG. 1. Bond alternation for the large carbon rings. Bond-length
alternation is defined as the difference in lengths between the long

and short bonds. %

norm-conserving pseudopotential modified to a separable
form. To improve convergence the core radii were increased . . . _—
(res=0.8G8,, rep=0.8%, and rey=0.85,). Extensive FIG. 2. l; pomt:mlecul_z; o_rbltazls co(;respo_ndlng to a Brillouin-
tests have been reportédhat confirmed the accuracy of the zone sampling scheme witd;=1, 2, and 3 points.

calculations reported hereEf,;=42 hartrees). The super-

cells were chosen to be large enough to prevent interactiongarbon atoms along thedirection in a rectangular unit cell

;Teellrireglllecr)frg]?lsat% u(;?g l:?c?f v%ﬁilree(?::rfhde tshrialljlfi rci)r: i aWith lattice constants of,=4.8%®,, L,=L,=22.0, The
facpe-centered-cubicqsu erceII’ with a lattice constanta%f average bond distance is thus set to aAqLarge supercell
P . calculations on cycla]carbons predicted the average bond
=383, was used. In order to insure that the structures re, fom=14 1o be 2.4a. 7
orted are at least locally stable both steepest descent Ioca'lStance om= to € 2.4do. )
P A nontrivial numerical error in the total-energy calcula-

optimization and global optimization bgb initio molecular tions comes from the sampling required in the sum over

dynamic annealing were carried out. There were no symme- I . . . .
y neaiing ; y wave vectork (Brillouin-zone integration The integration
try constraints in these calculations.

Bond alternation for the larger rings predicted from our™ the nearly one-dimensional Brillouin zone was approxi-

LDA calculations is reported in Fig. 1. For the,G there is mated usingN, evenly spaced points
bond alternation as expected from the degeneracy of the < 20 m>
k:

Total-energy calculations were carried out by placing two

highest filled states and Jahn-Teller considerations. How- O,O,L—N—

ever, no bond alternation was observed fag G even at z s

N=10. Rather than increasing the alternation in thg G, m=0.. N.—1

as would be expected from the TB models, the alternation in s

the QlN approaches a near zero value as in thﬁ+§. Ns: 10,11,20,21,30,31,40,41,50,51,60,61,70,7](3)

The calculations for finite sizes beyond., ®ecome very
expensive. Therefore, we chose to calculate in the infinite Mintmire and Whité® report, using TB calculations, that
chain limit. This calculation when considered with the ring approximating the Brillouin-zone integration by an even
calculations shown in Fig. 1 provides an accurate view of thenumber of equally spaced poinfse., chosen via Eq(3)]
size dependence of bond alternation. leads to an enhancement of bond-length alternation, while
To calculate the infinite chain.G restricted-spin pseudo- approximating the Brillouin-zone integration by an odd num-
potential plane-wave local-density approximation band-ber of equally spaced poinfise., chosen via Eq3)] leads to
structure calculation§LDA-band were carried out. The underestimation. In order to understand the consequences of
Kohn-Sham orbitals are expanded in a plane-wave basis ughese particular samplings it is useful to consider analogous

ing periodic boundary conditions times a phase faetbf: calculations using only" point sampling. In uniform zone
sampling choosing a specific set of points corresponds to
_ —aker i.kaigr using al’ point sampling on a larger unit cell. In Fig. 2 we
vidri=e Eg: €€ @ illustrate this property for one ofr bands with the first few

selections of sampling points. In the bond altered structure
27 2w 2w the 7 band that would be continuous in the equal bond sys-
9= <L_nx-|__nya|__nz> (2 tem splits into two bands. Since the band is half filled, only
X z the lowest of these two bands is occupied. The filled bands
By convention, k lies within the first Brillouin zone of are illustrated in Fig. 2 by the the shaded boxes. We next
the reciprocal lattice. The dimensions of the unit cell arenote that in theNg=1 sampling case the correspondihg
Ly, Ly, andL,, andn,, ny, andn, are integers such that point calculation would include only one unit cell with the
3(g+K)- (g+K)<E_,<42 hartrees. filled wave function being totally symmetric. In tHé;=2

y
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sampling case the correspondihgpoint calculation would
include two unit cells with filled wave functions consisting P [ ——
of a totally symmetric wave function and a wave function ' —aN-20
that has a node between the two unit cells. Again these are oasl  |i—eNio
the shaded boxes in Fig. 2. In this case there is another wave R
function that would be degenerate in the equal bond-length ozs b [—>N=0
system but is unfilled in the bond altered system. For the = o
Ns= 3 sampling the correspondidgpoint calculation would S oemf |
include three unit cells with three filled wave functions con- S <-
sisting of a totally symmetric wave functions and two wave Yoomol |l
functions with a single node. 5
Next consider what happens when the atoms within the 0282 |
cell are moved to form bond alternation. In the ddg=1
sampling the orbital energy of the system is not significantly 0283
stabilized because the single filled wave function is nodeless
at the unit cell boundary. Fdd,=2, the orbital energy may 0200 frmr A E
be decreased because moving atoms together stabilized the
wave function with a node between the two unit cells, de- oo o 040 060
creasing the total energy. Fbi,=3, there are again nodes in Bond Alternation (a.u)

each'up.p_er state. nging the atpms within the unit cell will FIG. 3. Atomization energy per atom as a function of bond-
n_o_t S'Qn'f'cam'y stabilize the orbl_tal energy because the Stai'ength alternation, for a series of band-structure calculations using
bilization of one of the orbitals is cou_nterbalanced by theNs= 10-71 sampling points. Bond-length alternation is defined as
other. Generally, even number samplings are favorable tgye gitference in lengths between the long and short bonds.
bond alternation, whereas odd number samplings are not.
From the energy point of view this may be restated by
saying that for evemNg there is an advantage to bond alter-
nation whereas for odg sampling there is none or at least

produces erroneously strong bond alternation and large con-
densation energies. We also point out that with odd number
) >~ sampling it is easy to produce results erroneously implying
hot to a f'.rSt order. When we further make the connection + the DA produces no alternation as was reported by
that al'-point calculation corresponds to a hypothetical f'n'teAshkenaziet al2% We have done calculations to check the
linear ring (all angles=180°) we see that this is just a re- effects of unit cell size and basis set size on the bond alter-

statet;nentfof t_he TBE4+/22_a2romat|C|ty ruIe.dThat 'r? an €ven ation predicted for the very large carbon ring systems. Since
number of pointsNs=n/2=2N, corresponds to the antiaro- \ys chose a unit cell with very large transverse lengths

maticn=4N rings (without curvaturg while an odd number (22.08,), changing the box size in these directions has a

‘2f points, Ns=n/2=2N+1, corresponds to the aromalit  nejigible effect. In the infinite chain calculation the unit cell
=4N+2 rings (without curvaturg length along the bond direction was fixed at 480 This

Using the above ideas it is clear that to sample the Bril-, 14 cause a problem because this choice does affect bond

Iqum zone stably it is necessary 1o separate the even SaMWternation. However, we did not optimize the unit cell size
pling from the odd sampling. These two different sampling

schemes will lead to upper and lower bounds to bond alter-
nation. Figures 3 and 4 show the calculated energy for vari-
ous Brillouin-zone sampling sizes from 10 to 71 points. The
results for small even sampling in Fig. 3 illustrate that very
misleading results will be obtained from too small a zone
sample. Note the substantial condensation energy and bond
alternation inNg= 10 and the lack of any bond alternation for
Ng=11. A closer look at the energy variation with alterna-
tion in Fig. 4 shows that a very small stabilization with bond
alternation first appears &,=41. ForNg=70,71 we ex-
trapolate our data to give the lower and upper bounds of
0.063m, and 0.07@, for bond alternation and 0.021
millihartrees/atom and 0.090 millihartrees/atom for conden-
sation energy, respectively. This supports the existence of a
Peierls mechanism in LDA. However, the bond alternation is e ;
considerably smaller than those measured for small linear &
chains by Lagovet al?® They are consistent with the calcu-
lated values reported by Mintmire and White for .
polyacetylené’ This figure also explains our discrepancy P ‘ S
with the earlier infinite polyyne results in the literatdre'® - 00 oot 0.8 012 016
. K . . ond Alternation (a.u.)
In these calculations only six points were used in the
Brillouin-zone sampling. As the figure shows, this is far too  FIG. 4. Same as Fig. 3 except that it is expanded in the area
small a number and produces=4N-like alternation. This  where the different Brillouin-zone samplings differ.
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for each case. We have checked that the choice oB3.#0  point calculation and rings of molecular siz&2 we can

average bond length is nearly optimal. estimate the energy required to bend the bonds to form a
Apart from the result that the LDA calculation does pre- closed ring. The difference between the energy per atom for

dict weak alternation in the carbon ring system, there are twehe n=42 ring calculated with bending and the energy for

additional conclusions that we would like to draw. First, wethe Ng=21 with no bending is just the energy required to

note that the first bond alternation appeared at Ndet41  bend the bonds to form a closed rin@gseate angles in the

sampling and recall that in our calculation of the=4N planara system. Comparing these two energies we obtain a

+2=42 member ring we saw no bond alternation. The di-Hook’s law constant of

rect relation between the molecular and theoint calcula-

tion suggests that in order to get alternation in a K=0.022 kcal/mol degree per atom. (4)

cyclg n]carbon within LDA we would have to go to ring

sizes ofn=82 or more. Recent experiments suggest that arorhs |eads to a value of 4.4 kcal/mol for 160°. This is in

matic behavior extends to=18, higher than predicted by excellent agreement with a value of 4 kcal/mol for an angle

HF (n<14), but we believe thai=82 is a high estimate of gjstortion of 160° reported by Diederich and RuBin.
the onset of Peierls-like behavior and is related to the ten-

dency of LDA to stabilize delocalized structures. This work was supported by the Office of Naval Research
Finally, again exploiting the relationship between fhe through research Grant No. F49620-94-1-0286.
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