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Energy Surfaces of Polymeric Sulfur: Structure and Electronic Properties

M. Springborg
Max Pla-nck Ins-titut fur Festkorperforschung, D 700-0 Stuttgart 80, Federal Republic of Germany

R. O. Jones
lnstitut fiir Festkorperforschung der Kernforschungsanlage Jiiiich, D-51 70 Jiiiich, Federal Republic of Germany

(Received 21 April 1986)

The energy surfaces of polymeric sulfur have been calculated with use of a parameter-free
density-functional method. %e study a wide range of geometries with interesting results. The cal-
culated ground-state geometry is in good agreement with experiment, and the flat energy surfaces
near this energy minimum are consistent with the extreme flexibility of the molecule. There are
other geometries with energies only slightly above the ground-state energy, and stretching of the
molecule results in metallic behavior.

PACS numbers: 61,40.+e, 31.20.0i, 71.45.Nt

Interest in both the electronic structure and statisti-
cal mechanics of polymers (and other chain
molecules) has developed rapidly in the past decade.
The development of computing facilities has resulted
in ab initio electronic structure calculations of nu-
merous simple polymers, ' although the large number
of coordinates usually restricts energy-surface calcula-
tions to regions near the experimental geometries. In
the present work, we calculate the energy surfaces of
fibrous sulfur, (—S)„, using an efficient, parameter-
free method which allows us to study a wide range of
geometries. Little is known about the electronic struc-
ture of this polymer, which is composed of parallel
helical chains of atoms. 2 It is one of the most flexible
of all polymers and is important in several areas.

Polymer statistics and the relationship to critical
phenomena have been studied for many years, and the
sulfur helix has provided instructive tests of theories
of the spatial configurations of chain molecules. 3 The
polymerization process in liquid sulfur leading to the
helical structure is described very well by the n 0
vector model of ferromagnetism, which is related in
turn to the transition in a one-dimensional Ising fer-
romagnet and the helix-coil transition in proteins.
Helical chains also occur in the liquid, amorphous, and
crystalline phases of other group-VIA elements, and
trends in the crystal structures, such as the relative
separation of atoms in and between chains, can be
correlated ~ith the increased tendency to metallic
behavior Se Te —Po. Interchain interactions also
contribute to the properties of (SN)„, the first metallic
and superconducting polymer to be found. 6 There is
lively interest in finding intrinsically conducting poly-
mers, with particular attention being paid to polymers
containing sulfur.

We describe here self-consistent calculations of the
energy surfaces of an infinit sulfur helix. The simpli-

city of the molecule and the efficiency of the method
allow us to study a range of geometries well beyond
those of earlier parameter-free methods. We pay par-
ticular attention to structures which give rise to con-
ducting behavior. We use the density-functional for-
malism with the local-spin-density (LSD) approxima-
tion for the exchange-correlation energy. This is the
most widely used parameter-free method for electronic
structure calculations in bulk systems, and is finding
groveling application to small clusters and molecules. s

In the present context, it is interesting that density-
functional calculations on thiozone, S3, predict two al-
most degenerate minima with widely differing bond
angles (nsss ——60' and 114', respectively). This sug-
gests that a molecule such as (—S—)„may have
more than one structure with comparable energies.

The method of solution of the single-particle
density-functional equations has been described in de-
tail elsewhere. ' Inside nonoverlapping spheres cen-
tered on the nuclei, the potential, density and linear-
ized muffin-tin-orbital basis functions are determined
numerically. The basis functions are matched smooth-
ly on the sphere boundaries to spherical Hankel func-
tions, and there are two each for i=0, 1, 2. Nearly
linearly dependent functions are excluded, and the
parameters defining the Hankel-function tails and the
radii of the atomic spheres are fixed throughout. The
basis set combines compactness ~ith an accurate
description close to the nucleus and has nearly
double-zeta quality. We find that the total energy per
atom in a chain ~ith widely separated atoms is within
0.2 eV of the atomic value. The energy surfaces have
been calculated by use of 21 points in the range
0~k ~ n/u.

%e have performed a detailed search of a three-
dimensional coordinate space for geometries ranging
from linear to planar zigzag (torsion angle
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=180') to a spiral with usss = 80'. In order to allow

comparison with the results for S,, we show the resul-
tant surfaces (Fig. 1) as a function of usss. The
minimum energy is found for an internuclear separa-
tion rss = 4.22 a.u. , tlsss = 109, and 'yssss = 86.5, and

the energy surface is remarkably flat nearby. For the
optimum choice of the bond and torsion angles, for
example, the total energy changes by less than 3 mky
when the bond length changes from 4.07 to 4.34 a.u.
The agreement with experiment is then very good.
The second minimum in Fig. l corresponds to the
geometry rss = 4.37 a.u. , ctsss = 83 5' yssss = 91'.
This may be reached from the ground-state geometry
by an increase in the angle of rotation u from 107' and
124', although the optimum energy path may be rather
different. The increased compression along the axis is
accompanied by an increase in the radius and a small

change in the torsion angle ( —4.5'). The relative
compactness of the structure at the second minimum
can be appreciated by noting that the second- and
third-nearest-neighbor distances are 5.81 and 7.05 a.u. ,
respectively, compared with 6.88 and 8.87 a.u. in the
ground state. The calculated torsion angles for both
minima are similar to the value predicted by Pauling"
to be "normal" for the S—S bond (100'). We find no
minima for bond angles less than 80'.

The geometrical structures, the projections along the
helical axis, and the calculated energy bands for both
minima are shown in Fig. 2. The energy gap is —2 eV

in each case. Since the LSD approximation used here
usually leads to modest underestimates of band gaps, a
single sulfur helix in the ground state should be insu-
lating. LSD calculations often lead to overestimates in
dissociation energies in small molecules, ' and S3 is a
good example. The calculated dissociation energy per
bond in the sulfur helix ( —2.3 eV) is also greater
than the experimental estimates ( —1.5 eV). '3 There
were fewer linearly independent functions for geom-
etries near the second minimum, and so the calculated
excitation energy from the ground state (0.19 eV)
probably overestimates the true LSD value.

The planar zigzag and linear structures are also ener-
getically favorable, and have strikingly different elec-
tronic structures. The band structures are shown for
the optimum geometries in Fig. 3, and the unfilled
bands found in both cases means that one may expect
metaIlic behavior. In the zigzag structure, we find a
minimum energy for rss ——4.27 a.u. and o. =109.5'.
The bond angle and energy are very similar to those in
the ground state. The energy is —0.05 eV above the
minimum, similar to the prediction' that this energy
difference should be —0.1 eV in the group-VIA ele-
ments. The energy surface is extremely flat in the
neighborhood of the zigzag minimum, the optimum
energy for a torsion angle of 140' being only about
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FIG. I. Total energy surfaces (relative to ground-state

minimum) of sulfur helix as a function of bond angle, asss.
Values of (rss, yssss) are also shown.

FIG. 2. Geometries (eleven bonds) and band structures
of (—S—)„: (a) Calculated ground-state geometry, (b)
geometry at second minimum in Fig. l. The projections
along the helical axis and the atomic eigenvalues are also
shown.
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FIG. 3. Band structures corresponding to minimum ener-
gies for (a) planar zigzag (v=m) and (b) linear (v=2")
geometries. The atomic cigenvalucs and the respective Fer-
mi energies, FF, are also shown. Thicker lines denote dou-
bly degenerate bands.

0.01 eV above that for the planar structure
(yssss=180'). The optimum linear geometry
(rss=4. 15 a.u. ) corresponds to an energy —0.2 eV
above the ground state. Calculations for a range of
torsion angles show that the linear structure corre-
sponds to a flat energy maximum.

The importance of d-basis functions in describing
bonds containing sulfur is well known. It is also evi-
dent in LSD calculations in both S3 and the sulfur
helix, where the coefficients of the normalized basis
functions inside the spheres indicate the relative im-
portance of s, p, and d contributions. In the plots of
the single-particle eigenvalues, we show the 3s and 3p
eigenvalues of atomic sulfur, and it is not surprising
that the dominant contributions to the lowest three
bands are s, p, and p, respectively. However, for all

geometries there is a substantial d contribution to the
lowest band and the uppermost occupied band. This is
particularly evident for the structures with partially
unoccupied bands and shows that d functions must be
included in any realistic model of sulfur chains.

The energy surfaces in Fig. 1 show similarities with
the corresponding results for 53. There is a common
tendency for bond lengths to increase as the bond an-
gle is reduced, and the energy curves near the minima
for open structures are flatter than the others. There
are, however, differences between the two molecules.
Small changes in bond angle in (—S—)„can mean
larger changes in geometry, since the torsion angle
a1so changes, increasing with decreasing bond angle.
Furthermore, symmetry does not require an energy
minimum for a bond angle of 60' in the helix, where a
larger bond angle (83.5') is favored because of the

repulsion between next nearest-neighbor nuclei. The
calculated bond lengths are longer than in S3. Togeth-
er with the structural simplicity, this contributes to the
polymer's flexibility.

The results obtained here are important on several
grounds. They reproduce the measured geometry of a
particularly flexible polymer very well, and they con-
firm expectations based on calculations for S3 that
there is a second energy minimum at a smaller bond
angle. They also predict other structures where the
energy has a local minimum. The band structures of
two of these, the planar zigzag and the linear
geometries, indicate metallic conduction. This is dif-
ferent from (SN)„, where single chains are semimetal-
lic and show a small Peierls instability. The unfilled
bands arise on stretching of the molecule, i e , th.e .re-
verse of the common situation of metallization under
high pressure. Fibrous sulfur is prepared by stretch-
ing, and its extreme flexibility means that the linear
and zigzag structures are of practical interest. These
structures may also be accessible by chemical means,
and our findings should aid the search for stable, con-
ducting polymers.

Of particular significance is the fact that the
density-functional formalism makes such detailed
energy-surface and band-structure calculations possi-
ble. Although the LSD approximation used here gen-
erally leads to overestimates of dissociation energies
and underestimates of the band gaps in bulk systems,
recent work has led to improved understanding of the
origins and magnitudes of these errors. We know of
no materials which are insulating and have such large
band overlaps. Reliable Hartree-Fock calculations are
difficult to perform for large molecules containing
second-row atoms, and energy calculations for infinite
chains using accurate correlated wave functions are
presently out of the question. Our results show that
polymer systems, which provide a bridge between the
cluster and bulk applications of the method, are ideally
suited to density-functional calculations. Other sys-
tems, including the selenium helix, are currently
under study.

This work was begun while one of us (M.S.) was on
leave at the Institut fur Festkorperforschung der Kern-
forschungsanlage Jiilich. He thanks G. Eilenberger
and his group for hospitality.

~Examples of ab initio calculations of polymers are given
in Quantum Chemistry ofPolymers Solid State Physics, e—dited
by J. Ladik, J. M. Andre, and M. Seel (Reidel, Dordrecht,
1984).

2The structure of fibrous sulfur is discussed by J. Don-
ohue, in The Structures of'the E/ements (Wiley, New York,
1974), pp. 346 ff. The bond length of the ground state is
Iss=3.90 a.u. , the bond angle is nsss= 106.0', and the tor-



VOLUME 57, NUMBER 9 PHYSICAL REVIEW LETTERS 1 SEPTEMBER 1986

sion (dihedral) angle is yssss=85. 3'. The geometry may

also be described by the helix radius, r (here 1.80 a.u.), the
translation along the axis, h (2.61 a.u.), and the rotation
between successive atoms, u (108.0').

3Early theories of equilibrium polymerization are surveyed
in A. V. Tobolsky and %. J. MacKnight, Polymeric Su/phur

and Related Polymers (Interscience, New York, 1965) (mean
field theory). See also J. E. Mark and J. G. Curro, J. Chem.
Phys. $0, 5262 (1984), and references therein (rotational
isomeric state theories).

~J. C. %heeler, S. J. Kennedy, and P. Pfeuty, Phys. Rev.
Lett. 45, 1748 (1980); P. M. Pfeuty and J. C. Wheeler, Phys.
Rev. A 27, 2178 (1983).

5J. D. Joannopoulos, M. Schlu'ter, and M. L. Cohen, Phys.
Rev. B 11, 2186 (1975); R. M. Martin, G. Lucovsky, and
K. Helliwell, Phys. Rev. B 13, 1383 (1976); H. Wendel,
R. M. Martin, and D. J. Chadi, Phys. Rev. Lett. 38, 656
(1977).

6See, for example, J. M. E. Harper, R. L. Greene, P. M.
Grant, and G. B. Street, Phys. Rev. B 15, 539 (1977);
R. Dovesi, C. Pisani, C. Roetti, and V. R. Saunders, J.
Chem. Phys. $1, 2839 (1984).

7See, for example, K. Tanaka, T. Koike, and T. Yamabe,
Synth. Met. 11, 221 (198S);J. L. Bredas, B. Themans, J. M.
Andre, A. J. Heeger, and F. Audi, Synth. Met. 11, 343

(198S).
Recent applications are surveyed by U, von Barth and

A. R. Williams, in Theory of the Inhomogeneous Electron Gas,
edited by S. Lundqvist and N. H. March (Plenum, New
York, 1983). Molecular calculations are discussed by R. O.
Jones, in Electronic Structure Calcurations, edited by K. P.
Lawley (Wiley, New York, to be published).

9R. O. Jones, J. Chem. Phys. $4, 318 (1986). The present
method is very similar to that used for S3. R. Ahlrichs,
private communication, also finds a near degeneracy in
configuration-interaction calculations for S3.

'0M. Springborg and O. K. Andersen, unpublished. For
applications to carbon chains and polyacetylene, see
M. Springborg, J. Phys. C, to be published and Phys. Rev. 8
33, 8475 (1986).

t tL. Pauling, Proc. Nat. Acad. Sci. (USA) 35, 49S (1949).
'20. Gunnarsson and R. 0, Jones, Phys. Rev. 8 31, 7588

(1985).
' Tobolsky and MacKnight in Ref. 3, p. 65 and Appendix

I. These authors discuss the difference between the dissoci-
ation energy and the bond strength in cyclic Ss [2.7 eV, see
J. Berko~itz and J. 8. Marquardt, J. Chem. Phys. 39, 275
(1963)].

t L. Pauling, The Nature of the Chemical Bond (Cornell
Univ. Press, Ithaca, 1960), p. 135.


