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1 . INTRODUCTION

The determination of ground state structures and other properties of clusters
and molecules is an important goal in molecular physics and chemistry, and the
associated problems fall into two main categories : (i) finding a reliable method
for calculating the total energy E for fixed atomic positions IRI}, (ii) minimizing
E with respect to variations in JRI}. While the difficulties in calculating E are
well known, systematic procedures to locate global minima in configuration space
- {Rr}E[{RI}] - have received less attention . Assuming N atoms in a cluster,
the total number of internal coordinates is 3N - 6, since the energy of the (non-
linear) cluster is invariant to rotations and translations . In a 10-atom cluster, for
example, there are 24 independent interatomic degrees of freedom and the magnitude
of the problem is apparent : (1) Finding the energy minimum by calculating the
energy for all possible geometries is obviously impracticable, since 10 calculations
per coordinate would lead to 1024 calculations in a cluster where one seems already
to be very difficult . (2) If one takes any particular geometry and locates the next
local minimum, there is still little prospect of success . As we now show, the number
of local minima in the energy surface can be very large .

Tab. 1 :

	

Number M of local minima in clusters of N particles interacting with a
Lennard-Jones potential (Hoare and McInnes) .

Hoare and McInnes' have studied clusters where the atoms interact with each

N

6 2

7 4
8 8
9 18
10 57
11 145
12 366
13 988



other with a simple, pairwise Lennard-Jones potential :

- a'12 0 61
VLennard-Jones 4e-
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For small clusters it is possible to locate all the minima, and the results are shown

for clusters of different sizes in Tab . 1 . The number of minima increases rapidly with

increasing N, showing signs that the increase is exponential . For clusters of identical

atoms interacting with a pairwise potential, Wille and Vennik2 have shown, in fact,

that there is no known algorithm that grows with time as power of N and with

which one can determine the ground state energy and structure . Such problems are

classified as "NP - hard" 3 (non-polynomial) and are considered "intractable" . For

sufficiently small clusters, the global minimum can still be determined by locating

and enumerating all the local minima . However, the search is confined in practice

to small parts of configuration space based on intuition, experimental information

and/or symmetry restrictions .

In systems where the ground state is unknown or where there are many local

minima, it is necessary to develop alternative methods for finding solutions which are

near to optimal . Kirkpatrick et al .4 noted the connection between statistical physics

and the minimization of a function of many variables, and suggested "simulated

annealing" based on a Monte Carlo sampling as a generally applicable way of finding

such solutions . It has been shown recently5 that simulated annealing can lead to

nearly optimal solutions of special NP-complete problems in polynomial average

time .

Molecular dynamics (MD) provides an alternative to the Monte Carlo approach,

and Car and Parrinello6 showed that it could be combined with the density func-

tional (DF) scheme for calculating total energies . The result is a parameter-free

method for calculating electronic properties which makes no assumptions about

ground state geometries . Finite temperature MD techniques allow an efficient sam-

pling of the potential energy surface, and the DF method,7,8 with the local spin

density (LSD) approximation for the exchange-correlation energy, does not require

the parametrization of the interatomic forces common in MD schemes .` In the con-

text of group VIA molecules, the DF approach has been applied with success to

triatomic molecules l0 and to helical chains of sulphur and selenium." Calculated

geometries agree well with experimental values where available, and the systematic

overestimate of bond strengths [by - 1 eV per bond] means that bonding trends are

given reliably .

The group VIA elements (0, S, Se, Te, Po) show a range of structures unmatched



in the periodic table .12 Sulphur , in particular, has the largest number of allotropes of
any element, with many comprising cyclic molecules, Sn, with n > 6.12,13 Sulphur
clusters are present in the vapour phase (the main constituents up to - 800 K
are Se, S7 and 58,13 and all clusters up to S56 have been identified 14), in crystals

(S6-13) 5181 S20), and in the liquid . 15 While most elements form clusters which are
difficult to characterize, the Sn structures have been determined by X-ray structural
analyses for n = 6 - 8,10 -13,18, 20 . 13 No simple structural model has yet been able
to account for the characteristic variations of shape with the number of atoms . Semi-
empirical MNDO and SINDO1 calculations have been performed for S3 to 58 16 and
S2, S4, S6 and S8, 17 respectively. In the context of a molecular dynamics simulation
for liquid sulphur, using parametrized pair and three-body forces, Stillinger et a1 .9
presented results for some small sulphur clusters . In this work (Chap . 3) the novel
MD/DF method6 is applied to calculate the energy surfaces and electronic structures
of sulphur clusters with up to 13 atoms . This represents the first parameter-free
study of sulphur clusters of this size .

Although often discussed as an analog of sulphur, selenium shows qualitative
differences in the vapour, liquid and solid phases . The main constituents of sulphur
vapour up to - 800 K are S6, S7 and S8,13 with only minute amounts of smaller
molecules . For Se in the same temperature range Se5, Se6 and Se7 predominate,
with only traces of Se8 . 18 Crystalline S8 melts at about 391 K to give a low viscos-
ity liquid comprising S8 molecules, and polymerizes into long chains above 435 K .
Melting thermodynamically metastable crystalline Se8 on the other hand proceeds
via polymerization in the solid phase (between 418 K and 430 K) to a high viscos-
ity liquid at about 490 K, the melting point of trigonal Se. 18 Clusters of selenium
occur in the vapour phase, in crystalline modifications (Se6-8), and as major con-
stituents of the liquids . 18,15 Amorphous Se does not contain significant amounts of
Sen molecules, but small ring fragments appear to be incorporated into the infinite
chains present . 19 Reliable structural data for selenium clusters are limited to the
crystalline phases of Se6 20 and S4,21 although all Se, (n= 2-9) have been identi-
fied mass-spectrometrically .22,23 A study of the total energy surfaces of Se clusters
should then predict the structures of Sea-5, Se7, contribute to the understanding of
Se6 and Se8, and guide future investigations of the highly complex liquid and amor-
phous phases . No such study has been published yet . Chap . 4 therefore contains
the first study of selenium clusters with a parameter-free method .

While the substitution of Se into S-rings leads to little change in ground state
topologies (see Sect . 5.2), molecules containing oxygen are found to have the O-



atoms bonded to a closed S,l ring, i .e . -S-0-S- bridge bonds are not favoured .

To the best of our knowledge, compounds of the type R-S-O-S-R' have only

been postulated24 as unstable reaction intermediates.This applies also to the aro-
matic sulfenic anhydrides Ar-S-O-S-Ar reported repeatedly as stable products . 25

Rather, the corresponding hydrolysis of aromatic sulfenic chlorides Ar-S-Cl was

shown to lead to mixtures of thiolsulfonates Ar-S02-S-Ar and disulfides Ar-S-
S-Ar, presumably via the thiolsulfinate Ar-SO-S-Ar .26 Sec . 5 .1 presents the (suc-
cessful) attempt to find the most stable isomer of a sulphur-oxygen compound (S70)
starting from a topologically different initial geometry. Similar model calculations
of chemical rearrangement reactions have previously been attempted only with em-
pirical or semi-empirical quantum chemical methods . It also contains the geometries
of several local minima in the energy surfaces of S70 .

It is natural that mixtures of sulphur and selenium have also received much at-
tention, not only in the vapour phase,27,28 but also as liquids or as solid solu-
tions.29,30,31 Most samples prepared in the laboratory appear to comprise a range
of molecules, and the characterization of the crystalline phases obtained from the
melts has been difficult . The different Se.,Sy species crystallize together, so that
the crystal structures reported are disordered with sulphur and selenium atoms dis-
tributed over the atomic sites . 32 The possible complexity is evident from the example
of eight-membered rings, where 30 different crown-shaped isomers can occur.

Sulphur and selenium have much in common and it is not surprising that mixed
isomers have similar energies and can coexist . The identification and structure of the
molecular units in heterocyclic Se - S systems have been the subjects of continuing
interest . Apart from the intrinsic interest in the molecules, an understanding of their
structures should provide insight into the very complicated structures of related
liquid and amorphous materials, including Se itself. Early kinetic work27,28 on the
molecules was interpreted to exclude the possibility of Se - Se bonds in S,,Seg-,z
rings, and this was traced27 to the fact that the Se - Se bond is weaker than both
S - S and Se - S bonds . Raman spectroscopy has shown, however, that Se - Se
stretching vibrations can readily be identified in such structures,33 even for mixtures
with very low Se concentrations . On the other hand, the S - S stretching band was
not seen if the nominal sulphur content dropped below that in Se6S2, suggesting
that the formation of S-S homonuclear bonds is not favoured in mixed crystals with
low sulphur content. The measurements indicate an apparent asymmetry between
S-rich and Se-rich molecules, and this too was attributed to the relative weakness
of Se - Se bonds .33 Sec . 5 .2 presents ground state geometries and relative energies



of all isomers of the cyclic molecules Se2Sg, Se6S2, Se2S5 and Se5S2 . We believe
that this is the most extensive parameter-free study of mixed group VIA clusters to
date .

The method used is described in Chap. 2, and concluding remarks and future
prospects are found in Chap . 6 .

2 . METHOD OF CALCULATION

2 .1 . DENSITY FUNCTIONAL (DF) ASPECTS

The density functional formalism8 shows that a knowledge of the electron den-
sity, n(r), is sufficient to determine the total energy and other ground state properties
of a system of electrons in an external field, Vext . The ground state energy, Egs ,
can be found by minimizing the relationship between energy and density, E[n], and
this minimum is found for the ground state density, ngs . It is convenient to write34

E[n] = To[n] + f dr n(r) CVext(r) + 2~(r)

	

+Exc[n],

	

(2 .1)

where To is the kinetic energy which a system with density n would have in the
absence of electron-electron interactions, -(D(r) is the classical Coulomb potential for
electrons, and Exc is the exchange-correlation energy . Since all terms in (1) except
Exc may be evaluated with arbitrary accuracy, approximations to the exchange-
correlation energy play a central role in this theory . We adopt the widely used LSD
approximation,

ExcD = f dr n(r) Exc[nr(r),nl(r) ],

is usually performed by solving the Kohn-Sham equation

-
2
V2 + 11'ext(r) + (D(r) + Vxc(r)

	

Oi(r) = ci

	

i(r),

	

(2 .3)

(2 .2)

where Exc [nr , nl] is the exchange and correlation energy per particle of a homoge-
neous, spin-polarized electron gas with spin-up and spin-down densities nT and nl,
respectively. Thus one approximates the exchange-correlation energy of an inhomo-
geneous electron gas by the one of the homogeneous electron gas, corresponding to
a locally slowly varying charge density n(r) . The LSD approximation yields reli-
able binding energy trends and equilibrium structures for a variety of molecules and
solids .$ In the present calculations we use the electron gas parametrization of Vosko
et a1. 35

For a given set of atomic coordinates {RI1, the minimization of E [n] in eq . (1)



where Vx, = 8Ex,/Sn(r) . The density can be constructed from the eigenfunctions
of this equation, n(r) = Ei 10i(r)1 2 , with i running over all occupied states . The
procedure must be continued until self-consistency is reached .

We have chosen a pseudopotential representation of the electron-ion interac-
tion,36 Vext,

or

Vext(r)

	

vps(r - RI)

	

(2.4)
I

Local pseudopotentials avoid most of the complications associated with the use of
the more generally applicable nonlocal potentials (see below for details) . It is, how-
ever,

" sometimes impossible to derive local pseudopotentials leading to nodeless atomic
valence pseudo-eigenfunctions that model the underlying full electron eigen-
functions equally well for all f quantum numbers (first row elements) and

" in certain cases (e.g . sulphur) possible to derive an appropriate potential, but
with highly localized features in r-space .37 This leads to a very slow decay in
k-space and is inconvenient or impossible to handle with the plane wave basis
of the present work .

Selenium is not among these pathological cases and we have used a local pseu-
dopotential of the form proposed by Starkloff and Joannopoulos,38

vps(r)
- -Z (	1 - .-Ar

r

	

I +e-A(r-r,)

It is convenient to subtract (and later add) the long-range Coulomb part .
sistency with the implementation of the nonlocal potential (see below) we
Gaussian-type core charges of radius Rc , so that in momentum space

vps (q) -
_l
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1
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e

	

dr

The latter integral is evaluated numerically (piecewise 4-point Gaussian integra-
tion) . For q --> 0 a series expansion of all q-dependent terms in (7) to second order
is sufficient . 0 is the volume of the periodically repeated unit cell, Z is the va-
lence charge (6 throughout this work), the parameters for Se re = 0 .924 a.u . and
A = 10.4 a.u . -1 were optimized by fitting the tails of the valence electron orbitals
to those of all-electron calculations and the choice of R, is not critical .

(2 .5)

For con-
subtract

(2 .6)

(2.7)



For the nonlocal pseudopotential implementation for O, S, Se, we have adopted
the formulation of Hamann et a1 .39 and the parametrization of Bachelet et al .40

with

00

vps(r) = 1: v1(r) Pl,

	

(2.8)
1=0

v1(r) _ -

	

E ciore erf(

	

aZOrer)

	

+ E(Ai + r2 Ai+ 3)e
-Q,Zr2

	

(2.9)
a_1

	

a_1

where P1 is the angular momentum projection operator and cöore , aiore, Ai and ai

are the pseudopotential parameters . If we assume that v1 = vl,,,ax for l > lmax, the
infinite sum in (4) can be written

lmax-1

vps(r) = vlmax(r) +

	

E

	

Avl(r) 161 = vloc + vnon-loc

	

(2.l0)
1=0

with Ovl(r) = v1(r) - vlmax(r) = Ovl(r) or, in momentum space,

47r

	

00Ovl(q, q) = F(21-f- 1)P1(Cos egql) 10

	

dr r20vl(r) jl(gr) .7l(g l r) .

	

(2.11)

P1 are Legendre polynomials, j1 are spherical Bessel functions, and eqq, is the angle
between the momentum vectors q and q~ .

After eliminating rapidly varying atomic core states with pseudopotentials, the
smooth (pseudo-)eigenfunct ions of the Kohn-Sham equations (3) can conveniently
be expanded in the plane wave basis

Assuming locality of the pseudopotential (10) , this leads to the self-consistent eigen-
value problem

M
i(r) _ Ojk(r) = E cjGn exp(z(k + Gn)

	

r)

	

(2 .12)
n=1

Hmn CjGn = Ej CiG, ,
n

Hmn = smn I G�,,I 2 -1- Vext(Gm - GO + "D(Gm - Gn) + Vxc(Gm - GO, (2.13)

where the index k has been dropped ("one-k-point approximation", see Sec . 2 .3) .
The calculation of the total energy is based upon the momentum-space pseudopo-
tential formalism by Ihm et a1 .41 .

In the remainder of this section, we shall discuss some numerical aspects in
solving the Schrödinger-like equations (3) . Since the kinetic energy operator is
diagonal in momentum space and the potential energy operating on a wave vector is



a convolution [see eq . (13) ], the number of operations required to solve the eigenvalue

problem eq. (13) can be reduced dramatically by using fast Fourier transform (FFT)

and iterative diagonalization techniques . Performing the convolution in momentum

space as a multiplication in direct space reduces the O(M2 ) operations necessary to

compute H - 0 to O(M In M) . The calculation of a similar product of matrix and

vector is a crucial step in most iterative diagonalization schemes .

In the present case, however, the action of a non-local correction potential,

vnon-loc in eq. (10) , is not a convolution and introduces O(M2 ) operations . This

can be reduced to O(M) operations if Ovl is separable in momentum space,

S
Ovl(q, q) _ L WS(q)WS(q),

	

S « M .	(2 .l4)
s=1

For lrnax = 1, this can be achieved by approximating the radial integral in eq . (11)

numerically42

or dr r 2Avl(r) jl(gr) 11(glr) �' Ewi11(gri) 11(g lri) ,

	

(2.l5)
i

most conveniently with a 6-8 point Gauss-Hermite formula because of the Gaussian

behaviour of Ovl(r) (see eq . (9)) . For lmQx > 1 we have used the separable non-local

correction potential of the form suggested by Kleinman and Bylander,43,44

Ovl(q, q) = ~(21 -I- 1)Pl(Cosegq/) ~00 dr r20v1(r)jl(gr)O1(r)x

x 0

	

dr r20v1(r)jl(gIr)01(r) t1 -1
dr r201(r)Ovl(r)~

	

(2.l6)

where the 01(r) are atomic radial pseudo wave functions of the state used to generate

the pseudopotential . The presence of the Pl in eq . (16) leads to S = 1, 4,11 in (14) for

l = 1, 2, 3, respectively . The use of eq . (16) with lr�ax = 2 is a convenient and stable

method for sulphur, selenium and oxygen, provided that the numerical integrations

are performed accurately. The geometries and binding energies changed by no more

than 0.5% using radial functions, 01, calculated from, for example, the S[s2p4] ,

S+ [s2p2 .5d0.5] and S2+[s1p2.75d0.25] states . Spurious roots and other difficulties

reported in the original work43 were not encountered . However, we have found that

potentials with a small non-local term can lead to numerical instabilities and slightly

state-dependent results . An example is the pseudopotential of Se.40



2 .2 . MOLECULAR DYNAMICS (MD) ASPECTS

The above arguments apply to any application of DF theory with a plane wave
basis . It is possible, however, to view E as a function of two interdependent sets of
degrees of freedom, the single particle eigenfunctions foil and the nuclear coordi-
nates 1RI},

2
E[foi}, f RI}] = ~(Vi(r)I -°I

	

i(r)) + f dr n(r) (vext(r) + 2
4) (r)) +

i

+ Exc[n(r)] + 1 E

	

ZIZJ2 I0J IRI - RJI
.

To minimize this function, we use a dynamical simulated annealing technique to
follow the trajectories of foil and fRI} given by the Lagrangian6

,C

	

pi J~ dr I i iI +
i

	

I
2MIRI2 - E[fOi }, fRI}] + 1: Aijdr OiOj - 6ij)

ij

(2.17)

Here MI and RI denote the ionic masses and coordinates, pi are fictitious
"masses" associated with the electronic degrees of freedom, dots denote time deriva-
tives, and the Lagrangian multipliers Aij are introduced to satisfy the orthonormal
ity constraints on the Oi(r, t) . It is very important to avoid any errors due to the
implementation of these constraints because these errors accumulate . It can be
shown that the only method to calculate the Lagrangian parameters Aij fulfilling
the holonomic constraints of orthonormality (oi Ioj) - Sij = 0 exactly at each step
of the integration is45

- it f dr~i*(r)~j(r)

	

(2.20)

Other, more popular orthogonalization schemes like Gram-Schmidt, are not consis-
tent with the Lagrangian (18) and lead to dissipation in the electronic subsystem.
The method that is used to solve the equations of motion (19) is the well-known
Verlet algorithm 46 shown here for the electronic part :

2
ciGn(t+At) = 2ciG,,(t) -ciGn (t - Ot)+(Fi(G)+Fi,ortho(G))At +O(Ot4 ) (2 .2l)

(2.18)
and the corresponding equations of motion

t)
öE
E= Fi + Fi,ortho =

- s * t)
+ 1: AikOk(r, t)

k

MIRI = -VRIE . (2.l9)



This leads to a non-linear system of equations for the Aik in eq . (20) and we use

the iterative scheme of Ryckaert et al. to solve it .45 From the orbitals Oi(r, t) and

the resultant density n(r, t) = Ei 10i(r, t) 12 we can use eq. (17) to evaluate the

total energy E, which acts as the classical potential energy in the Lagrangian (18) .

The artificial second order Newton's dynamics for the electronic degrees of freedom,

together with the assumption pi « MI, effectively prevents an equilibration of the

two subsystems and the transfer of energy from the classical to the quantum degrees

of freedom over long periods of simulation .

This requires, however, that the electronic system be brought into the ground

state at the beginning of every MD run . This can be accomplished via steepest

descents (SD) or similar, more efficient42 techniques :

2
ciG�,(t + Ot) = ciG�,(t) + (Fi(G) + Fi,ortho(G))

Ot
1

	

(2.22)

In equilibrium {~i} = 0, eq. (19) is identical to the Kohn-Sham equation (3) within

a unitary transformation, and the eigenvalues of the matrix A are identical to the

KS eigenvalues Ei . For a small number of states, like in a small cluster, the KS

eigenvalues can be computed routinely every couple of time steps . For a system

with a large number of occupied states, the calculation of the eigenvalues becomes

more cumbersome and should be done only every so often .

The SD procedure is an alternative way of solving the KS equations without

treating them as a self-consistent eigenvalue problem . eq. (22) is formally equiva-

lent to a time-dependent Schrödinger equation in imaginary time . The SD procedure

effectively projects onto the ground state an initial trial state by propagating it in

imaginary time . It should be noted that because of the invariance of physical prop-

erties under unitary transformations, the specific orthogonalization scheme chosen

in this stage of the calculation is largely arbitrary (e.g . Gram-Schmidt) .

The MD procedure is initiated by displacing the atoms randomly from an ar-

bitrary geometry, with velocities ~i and R set equal to zero . For this geometry

we then determine those Oi that minimize E via the first order SD equations (22) .

With the electrons initially in their ground state, the dynamics (19) generate Born-
Oppenheimer (BO) trajectories without the need for additional diagonalization/self-
consistency cycles for the electrons over several thousand time steps . If we define a

"temperature" T by the mean classical kinetic energy of the atoms, the atomic con-

figurations observed during the annealing process then represent physical molecules
at elevated temperatures . In the simulated annealing runs, the average instanta-

1 0



neous temperature (T) - the mean kinetic energy of the ions - is kept constant with
ti 10 % tolerance by rescaling the ionic velocities uniformly with a factor

	

(T)IT .
MD also provides a convenient method for determining the vibrational density

of states f(Lo) of the cluster in question via the Fourier transform of the velocity
autocorrelation function cp(t) :47

~(t) = MO) . V())

	

(2.23)

00
f(W) - 27r

	

Joo w(t) - eawtdt .

	

(2.24)

This procedure has been used to calculate vibration frequencies of characteristic
fundamental modes in S2 and Sg (see Sec . 3.1) .

2 .3 . COMPUTATIONAL DETAILS

We have used a large fcc unit cell [lattice constant 15.9 A] with constant volume
[1000 A3] and periodic boundary conditions in all calculations . This supercell ge-
ometry leads to a large separation between the individual clusters, and the accurate
reproduction of the symmetries in the highly symmetric (S, Se)g, (S ) Se)g and S12
shows that the results are indeed insensitive to the choice of boundary conditions .
All plane waves up to a certain cut-off energy were taken into account and typically
only one k-point in the very small Brillouin zone of the superlattice is taken into
account . The cut-off energies were

10.6 Ry for the Sn and SnSem calculations in Chapters 3 and 5, leading to
ti 4000 plane waves for each electronic state for a single point (k = 0) in the
Brillouin zone (BZ)

14 .0 Ry for k = 0 in the case of Sen (Chap. 4), leading to - 6000 plane waves
for the electronic states . The larger basis set had to be applied in order to
achieve the same degree of convergence with the steeper local pseudopotential .

9 45 Ry in the case of S70 (Sec . 5 .1), corresponding to - 36000 plane waves for
a single point (k = 0) in the Brillouin zone .48 The rapid spatial variation of
the pseudopotential 40 for O meant that this expansion had to be very large .

The convergence properties of the equilibrium geometries and total energies with
respect to basis set size and number of k-points have been checked thoroughly. In the
case Of SI2, increasing the cut-off energy to 31 Ry brought changes in bond lengths,
bond angles and dihedral angles of not more than 0.8% . While the relative energies
of different minima were remarkably insensitive to the above increase in basis set



size, the total valence electron energy changes by - 3 eV per atom when the cut-off
is increased to 31 Ry, where we estimate the energy to be within 0.01 eV/atom of
the convergence limit . The shape of the energy surfaces of S,, was found to converge
much more rapidly than the absolute position on the energy scale . To check the
restriction to the use of a single point in the BZ, we have performed calculations
for S12 with two inequivalent points (I' and L). The equilibrium geometries were
unchanged and the change in the total valence electron energy (0 .07 eV/atom) was
negligible . The calculations for Se clusters reveal a comparable behaviour . A cal-
culation for Seg using two points (I' and L) gave a negligible correction to the total
energy (0 .015 eV per atom) . A test calculation for S70 employing a cutoff energy
of 120 Ry (,.J 150000 plane waves for each electronic state) has lead to negligible
corrections of the ground state geometry and its relative energy to other minima.

In the simulated annealing calculations for Sn in Chap. 3, we use the nonlocal
pseudopotential described in Sec. 2.1 with lmax = 1 in (12) . Using l,,, ax = 2 re-
sulted in small contractions of the bonds, as we discuss further in Sec . 3.2 . With
appropriate values of the artificial mass for the electronic degrees of freedom /c (300
a.u.) and the integration time step (1 .7 x 10 -16 seconds), the equations of motion
can be integrated accurately with the Verlet algorithm.46 The energy surfaces are
probed by varying the average kinetic energy of the nuclei ("temperature" T), and
the optimum geometries found by slowly reducing T --4 0 . With this parametriza-
tion, the electronic subsystem deviates from the ground state not more than 0.1 eV
in several thousand time steps . Although not a necessary condition to find equilib-
rium structures this ensures that the molecular configurations observed during the
annealing process represent physical molecules at elevated temperatures .

The procedure used in Chap. 4 to find the ground state geometries of Sen
clusters is essentially identical . Se was treated by both the local and non-local
pseudopotentials described above. These potentials give very similar ground state
geometries in Sea, Se4, and Se5, deviations being typically less than 1 % in bond
lengths and angles . Using a value of y=1800 a.u . and an integration time step of
3.4 x 10-16 seconds, we find that the subsequent motion of the nuclei follows the
BO surface very accurately .

In Sec. 5 .1 (S70), we have treated the S and 0 atoms by non-local pseudopo-
tentials with l,,ax = 1 in (12) . The latter approximation leads to bond length
overestimates of 1-2 %, comparable to what was observed in the case of Sn . With
the appropriate values of y (300 a.u.) and integration time step (7.3 x 10 -17 sec-
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onds), we find that the motion of the nuclei departs again little from the BO surface .

The calculations for SnSeyn in Sec . 5.2 were checked very carefully for the basis
set size, size of the unit cell and pseudopotential implementation because the energy
differences between different minima turned out to be very small (of the order 10 -2
eV). The results were insensitive to the unit cell size and the basis set previously
employed for Sn sufficiently large to converge relative depths of different minima to
the necessary degree . The application of nonlocal pseudopotentials with the usual
approximation lrnax = 1 was, however, inappropriate in this case and l,nax = 2 had
to be employed throughout these calculations . At that level of required accuracy,
the uncertainty of relative energies due the choice lrnax = 1 was intolerable .

After every 1000 - 5000 time steps we fix the ionic positions and bring the
electrons back into their ground state. The energy change observed were usually
small (no more than - 0 .1 eV) in all cases and at all temperatures imposed .

In all the present work S70 was computationally the most demanding object
due to the necessary large basis set . Each time step required approximately 5
sec of CPU time on a Cray X-MP computer, while all the other systems under
consideration demanded generally less than 1 sec per time step . Depending on the
size of configuration space to be sampled, however, the total amount of CPU time
required can become very large . Except for the smallest systems (n = 2, 3), the
total number of time steps performed to find the most prominent low-lying minima
was in the range 10000-100000, corresponding to a maximum of 30 CPU h on a
Cray X-MP computer . This does not include the necessary consistency checks for
cut-off energy, size of the unit cell and pseudopotential that can be very demanding
calculations, too .



3 . SULPHUR CLUSTERS S2-S13

3 .1 . GROUND STATE STRUCTURES

Fig. 1 : The structures of S3, S4, and S5 .

The spectroscopic parameters of the ground state of the S2 molecule are given in

Table 1 and the structural parameters for the lowest-lying singlet states of the larger

clusters S3 - S13 are given in Tables 2-4 . The results of X-ray structure analyses

are given where available, and the structures are shown in Figures 1,2 and 5-7. Our

calculations make no assumptions about the symmetry of the clusters, so that our

results represent an appropriate average of the structural parameters . The same is

true of the experimental parameters, as we discuss below . Our calculations show

a remarkably uniform overestimate of bond lengths of approximately 2% . It may

be assumed that this is also true in those cases where the structures are presently

unknown.
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Fig. 2: The structures of Sg, S7, and Sg .

S2

The low-lying states of the sulphur dimer have been investigated extensively
in the gas phase,49 and the ground state has the same configuration (3E9 ) as the
ground state of 02. There have been several parameter-free calculations for this
molecule, and the results are compared with the experimental spectroscopic param-
eters in Tab . 2 . The deviations from experiment are consistent with past experience,
with the Hartree-Fock calculations 50,51 leading to underestimates of the bond length
and overestimates of the vibration frequency. The Cl calculations 51,52 show devia-
tions of opposite sign, with a steady improvement in all parameters as the basis set
is improved and the number of configurations increased . The density functional cal-
culations overestimate the bond length and underestimate the vibration frequency
by modest amounts, and the agreement between the two sets of DF calculations
is satisfactory . The overestimate in the well-depth by - 1 .5 eV is consistent with

15



Tab . 2 : Spectroscopic constants of S2 OEy) . re denotes the equilibrium interatomic

distance, we the stretching vibration frequency; De and Dö are the corresponding

well depths, the latter taking into account the zero point vibration .

(a) Huber and Herzberg .49

(b) Swope et al .50

(c) McLean et al .51

(d) Saxon and Liu.52

(e) Jones.53

(f) This work.

previous LSD calculations for molecules containing group VIA elements . 10,53

S3

The sulphur trimer (thiozone) is the only other molecule in the present series

which has been studied previously by parameter-free methods incorporating correla-

tion effects . DF calculations using a localized linearized muffin-tin orbital (LMTO)

basis53 predicted a near degeneracy between the open (C2v , r = 3 .78 a.u ., a =

114° ) and ring (D3h, r = 4 .09 a.u.) structures, and this was also found in other

parameter-free calculations . With an S (lls7pld/6s4pld) Gaussian basis, Rice et

al .54 found that CISD calculations favour the ring (D3h) structure (r = 3.97 a.u.)

by 0 .10 eV over the C2v (r = 3 .65 a.u ., a = 117.0°), while MR-CISD calculations

favour the open structure (r = 3 .69 a .u., a = 115 .7° ) over the cyclic (r = 3 .98

1 6

re (a .u.) we(cm_1 ) De (eV) DÖ(eV)

Expta 3 .570 725 .65 4 .41 4.37

HFb 3.545 819 1 .'76 . . .

HF' 3 .513 818 2.27 . . .

CIb 3 .591 760 2 .86 . . .

CId 3.679 600 3 .72 3 .68

CI-SDc 3 .551 767 3.16

CI-SDQ(D)e 3 .574 736 3 .70

CI-SDQ(S)c 3.581 728 3 .82 . . .

DF-LMTOe 3 .74 660 5.9 . . .

DF-MDf 3 .67 680 5 .5



a.u .) by 0.21 eV. Using a similar basis with an additional f-function, Ahlrichs55

obtained comparable results . Coupled pair functional (CPF) calculations produce a
C2 z, ground state (r = 3 .66 a.u ., a = 116 .9° ) 0 .19 eV below the D3h (r = 3.95 a.u.),
and CI calculations reverse the order of stability. Single-configuration HF calcula-
tions54,56,57 give a closed (D3h) ground state between 0.40 eV and 1 .12 eV below the
open structure . The near-degeneracy found in LSD and correlated wave function
calculations shows that correlation effects are much larger in the open structure,
so that S3 and the valence isoelectronic 03 provide sensitive tests of methods of
improving on HF calculations . In all these calculations53,54,55 the bond in the open
state is notably shorter than the S-S bond in the sulphur chain, Soo [3 .90 a.u.], 12

indicating a bond order between one and two. The bond lengths in the closed state
are within the range typical for normal single bonds .

Although the existence of the S3 molecule in the gas phase is well established,
little is known experimentally about its electronic structure . Ionization efficiency
curves for S2_g have been measured by electron impact (EI) ionization 6l and ap
pearance potentials and average bond energies derived from these data . Low ion
intensities for S3 (and S4) call for a cautious interpretation of these data . The
maximum of the absorption in the visible region has been measured at Amax = 430
nm (2 .9 eV)62 and is most suitably interpreted as the spin- and symmetry-allowed
single-electron transition 'Al --3 'B2 with 2 .3 eV.53 Matrix isolation studies sug-
gest an open structure in the ground state, and the C2z, structure follows unam-
biguously from its vibration spectrum . 63 The MD-DF calculations lead to geome-
tries for both states in good agreement with those of all-electron LMTO calcula-
tions . 53 However, although there is a near-degeneracy between these two states,
the order is reversed, with the MD-DF calculations favouring the open structure
by 0 .16 eV, in agreement with experiment .63 The present truncated plane wave
basis LDF calculation and the all-electron calculations lead to very similar one-
electron eigenvalue spectra . The ordering of the states is the same in both the
C2z, (lal < lb2 < 2al < 2b2 < lbl, 3al < la2 < 3b2, 4al) and D3h cases
(lal < le' < 2ai < la" < 2e' < le"), with widths and spacings agreeing to
within 0 .1 eV in the p-bands and 0.5 eV in the s-bands . This is a further indication
of the adequacy of the basis set . Both the MD-DF and all-electron calculations show
the lowest triplet state 0.7 - 0.8 eV above the ground state (see Tab. 3 ) .

Both the empirical MND0 16 and MD calculation9 are in marked disagreement
with all the above CI and LDF calculations . MNDO favours the D3h ring structure
by 1 .1 eV over the open structure (-0.3 eV when CI is included) . The underly-
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Tab. 3:

	

Molecular parameters d, a and 7 for low energy isomers of Sn , n = 2 - 8 .
Bond lengths dij (between atoms i and j) in a.u., bond angles ai (at atom i) and
torsion angles yij (at bond ij) in degrees.

d 4.00

0

1 8

S6(D3d)

	

expt(a)
a 600

S3(
3
C2v)

d12,13 3.86

al 920

S4(C2h)

d
a

7

3 .98
1020

750

S7(Cs )
boat chair

3.91
102.60

73.80

expt(b)

d12,34 3.72 d12,71 3.92 3 .95 3.87

d23 4.08 d23,67 4.14 4.06 3 .97

a2, a3 111 0 d34,56 3.79 3.84 3.78

S4(D2h) d45 4.36 4.26 4.11

d12,34 3.66 al 1080 1070 105.00

d23,41 4.84 ce2, a7 1010 1020 102 .10

S5 (Cs) ce3, a6 1080 1050 105 .30

d12,51 4.00 a4, ce5 1040 1080 107 .40

d23,45 3.91 712,71 720 760 76 .70

d34 4.14 723,67 41 0 1060 107 .80

al 900 734,56 860 830 83 .70

a2, a5 990 S8 (D4d) expt(c)
a3, a4 1010 d 3 .98 3.87

712,51 640 a 1080 108 .20

723,45 400 7 990 98.50

S5 (C2)

d12,51 4.06

d23,45 3.91

d34 4.08

al
a2, a5

a3, a4

10

1030

940

712,51 210 (a) Ref.58

723,45 540 (b) Ref. 59

734 660 (c) Ref.60

S2 (3Dooh ) S6(C2v)
d 3.67 d12,16,34,45 3.92

S3(C2v) d23,56 4.20

d12,13 3.74 al, a4 1060

al 1170 a2 )a3 i a5i a6 101 0

S3(D3h) 'Y12,61,34,45 750



ing parametrization, however, considered only sulphur compounds and no molecules
containing sulphur alone, and leads to considerable overestimates of ring strain ener-
gies and S - S single bond strengths . Under these circumstances a near-degeneracy
of the open and closed states of S3 is unlikely. Stillinger et al . 9 predict the opposite
ordering in their parametrized MD based calculations, favouring the open form by
1 .2 eV. As we discuss further in the case of S5, such calculations can lead to qual-
itatively incorrect geometries and energetic orderings, even though the interaction
potential has been tuned to the structural chemistry of Sn, molecules .

S4

The lack of conclusive experimental information for S4 is reminiscent of the sit-
uation in S3 . An absorption at Amax = 530 nm contributes to the color of liquid
and gaseous sulphur and is the red chromophore in reddish ultramarine.62,64,65 A

vibrational spectrum has been measured66 and the EI study has been mentioned
above . 61 Apart from these measurements there are only thermodynamical data avail-
able for S4.67 As in the case of S3, calculations have been performed for S4 with
a broad range of theoretical methods, including MD,9 extended Hiickel (EH) 61,62 ,

Xa - SW,68 Hartree-Fock57,69 , MND0 16,70 and SIND01 . 17 However, in contrast
to the case of S3, where a consistent picture of the electronic and geometrical struc-
tures has resulted, the results for S4 are inconclusive and confusing. To the best of
our knowledge, reliable calculations incorporating correlation effects (either of CI or
LDF type) have not been performed .

The MD calculations 9 lead to a helical chain with C2 symmetry as the ground
state, with a local minimum with D4h (square) symmetry well above it . The first
HF calculations 69 also found a 3 C2 helical chain as lowest-lying state, configura
tions with 3 C2z, and 3 C2h symmetry being the only ones with comparable energies .
However, the ground state in more recent HF calculations57 is a puckered ring with
D2d symmetry and a large torsion angle y = 86.22°, with the square as the next
most stable . The least stable structures were a cis-chain (C2 z,) and a branched
S03-like structure (D3h) . By contrast, the latter was found to be the most stable
state of the EH calculations . The other semi-empirical MO calculations MNDO
and SINDO1 predict nearly planar "roof" structures with D2d symmetry as ground
states . The corresponding geometries (MNDO : d = 3.71 a.u.,- y = 24.6° ; SINDOI :
d = 3 .89 a.u., a = 84.9°, y = 47 .7°) are reminiscent of the ground state of 04 in the
most recent CI calculations 71 (d = 2.71 a .u ., a = 87.2° , y = 24 .8° for the highest
level of CI used) .
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These highly contradictory predictions show the need for a more sophisticated
method that can nevertheless sample large regions of configuration space. We have
therefore performed simulated annealing calculations beginning with slightly per
turbed linear chains. The predicted ground state at T -> 0 comprises two weakly
bound S2 units in a rectangular entity with 1D2h symmetry (see Fig . 1 and Tab. 3) .
The shorter S - S distances are practically identical to monomeric S2 and those
between the dimers are the longest encountered in the present calculations (see also
the discussion in Sec . 3.2) . This has been attributed to the fact that "the highest
occupied molecular orbitals are always antibonding 7r-orbitals" . 18 Our calculations
show that this is not true in S4 (and Se4), where only three out of the four possible
combinations of out-of-plane px atomic orbitals on every atom are occupied, the
uppermost 7r-antibonding being the LUMO (a2, molecule in yz-plane) . S4 should
therefore be compared not with the C2 symmetric ("gauche") H2S2 or H202, but
with O-S-S-0, which is indeed planar . 72 On the other hand, occupation of the up-
permost antibonding 7r-orbital in S4- or CI-S-S-Cl is energetically so unfavourable
that these species distort to the "gauche" conformations .72,73 We find that two of
the px combinations (HOMO and HOMO-5,both bl) and three of the py ,z combi-
nations (HOMO-1, HOMO-6 and HOMO-7, all al) are weakly bonding between
atoms 1 and 4 . This favours the cis- over the trans-isomer and leads to smaller bond
angles in the former.The energy surface in the vicinity of the minimum is extremely
flat, especially for a simultaneous lengthening of bond 1-4 and a shortening of bond
2 - 3. Deforming the rectangle continuously to C2z, symmetry with d12,34 = 3 .72
a.u., d23 = 4 .08 a.u., and a2,3 = 111 ° , the total energy increases monotonically by
only 0.1 eV . The LSD approximation is known to overbind loosely coupled "van-der-
Waals" like aggregates like these, so that it is not inconceivable that the energy
difference to other minima is less than the 0.4 eV computed here . The rectangular
structure remains a plausible candidate for the lowest-lying structure of S4 in spite
of this tendency.

Other structures were encountered during the course of the annealing proce-
dure, and the relative stabilities of several have been studied using steepest descent
quenches . We have also considered structures proposed by other authors as low
lying states . A planar trans-isomer with C2h symmetry (see Fig . 1) lies - 0 .4 eV
above the ground state, separated from a hypothetical cis-isomer with the same
bond lengths and angles by a rotational barrier of - 1 eV . Neither the intermediate
C2 structures nor any tetrahedron structure were found to be stable local minima .
The local minimum closest to the tetrahedron is a roof-like D2d structure 0.76 eV
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above the ground state (d = 4.04 a.u ., a = 85° , y = 33°) . A structure resembling
S03 with D3h symmetry is also a local minimum, more than 1 eV above the ground
state . As in S3,Se3 and Se4, all triplet states of S4 lie well above the 1 D2h ground
state, and diradical chains can be ruled out as possible ground states .

S5

No definite structural information is available for S5 . It occurs in sulphur
vapour67 and is a possible component of liquid sulphur even at moderate tem-
peratures. 15 Recently, S5 has been identified and analyzed quantitatively with a
chromatographic method in solutions of sulphur subjected to photolysis.75 The ap-
pearance potentials of S5 from El experiments 6l are consistent with previous pho-
toionization measurements, 67 in that S5 shows the lowest ionization potential of all
sulphur clusters measured . This and the thermodynamical data61,67 have been in-
terpreted as evidence for a ring structure, and this hypothesis is supported strongly
by the existence of cyclo - S5 = 0.76

Initiating the simulated annealing process with a slightly displaced linear chain,
heating to a maximum average "temperature" of 1000 K and then letting T -> 0,
we find an envelope-shaped ground state of CS symmetry (see Fig . 1 and Tab. 3 ) .
This process is visualized for the analogous Se5 in Chap. 4 . Chain structures and
planar ring structures can therefore be excluded as the state of lowest energy. Several
subsequent heating and cooling cycles always led to the same stable CS ground state.
Coupling the cluster to a heat bath of T = 600K for 3000 time steps and following
the simulation graphically, we observed two visits to another pronounced minimum
with comparable energy but different structure . Both visits lasted only about 170
At and the total energies observed were still somewhat above the CS ground state
(> 0.1 eV) . A subsequent steepest descent quench led to a degenerate state with C2
symmetry (see Fig . 1) . The catchment region in configuration space is apparently
much smaller for the second minimum.

The present results for S5 indicate that S5 molecules with envelope (majority)
and "half chair" (minority) geometries might coexist at T » 0. It is possible that
two distinct forms could occur at T --+ 0 . Large relative temperature fluctuations
due to the small number of particles in our simulations and limited simulation times
make it currently impossible to give quantitative CsIC2 ratios as a function of
temperature .

HF77 and MND0 16 calculations lead to results that are qualitatively similar to
ours . Both methods find a pair of almost degenerate CS envelope and C2 "half chair"
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structures as possible ground states . The variation of bond distances, however, is

much smaller than in the present work and the structures found by both methods do

not conform to the empirical rule that long bonds in homocyclic sulphur molecules

are adjacent to short ones (see Sec . 3.2) . Both of the studies rule out a planar D5h

ring, but the HF calculation lists a triplet chain as the lowest-lying state . The MD

empirical potential calculations 9 lead to a planar D5h ground state, in contrast to

all the other results and the experimental evidence .76

S6

Crystalline rhombohedral S6 contains molecular units which are six-membered

rings with Dad symmetry.58 The minimum ratio of intra- to intermolecular distances

in the crystal is rather large (1 .66) and the low standard deviation of the available

crystal data indicates very small intermolecular interactions . All the available cal-

culations lead to results in very good agreement with experiment (e .g . MNDO, 16,70

CNDO,78 SINDO1, 17 empirical MD,9 EH62 ) . Most of the theoretical studies find

a boat isomer with C2� symmetry between 0.08 eV9 and 1 eV78 above the chair-

shaped ground state. Such a structure has not yet been identified in an allotrope of

a group VIA element, but the mixed ions Te.,Se2+ or Se4Te2+ with similar shapes

are well characterized .79,80

We have initiated the annealing process from slightly displaced planar hexagons

and linear chains . Our T --+ 0 ground state geometry matches the experimental

configuration very closely (see Fig . 2 and Tab. 3) . We emphasize that, in contrast

to previous theoretical work, our choice of initial conditions did not exploit avail-

able experimental information for S6. A "boat" isomer was not observed during the

annealing process but explicitly checked via steepest descent quenches and low tem-

perature annealing . The corresponding minimum was found to be - 0.5 eV above

the ground state .
S7

Homocyclic S7 is a well-known constituent of sulphur vapour, liquid sulphur

and quenched liquid sulphur, of irradiated sulphur solutions and of some chemically

synthesized sulphur modifications .59 There are four crystalline allotropes of S7 ,59

of which two have been characterized structurally. The molecular units found in

S-S7 and y-S7 have almost identical geometries with approximately CS symmetry.

The shortest intermolecular distances are 6 .43 a.u., slightly less than in S6 . The

molecular units are distorted from perfect CS symmetry by crystal packing effects,

the "equivalent" torsion angles differing by up to - 2° . The experimental geometry
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given in Tab. 3 has been averaged for the ,y-form . The MNDO calculation of Baird
is in qualitative agreement with experiment, 16 reproducing in part the pattern of
widely varying bond distances .

As in the case of S6, we have not used the experimental structure as input to
our annealing procedure, but have started from a perturbed planar heptagon . After
"melting" the cluster at T < 2000 K the subsequent cooling process converged
surprisingly rapidly in - 1000 time steps to the chair structure with CS symmetry
shown in Fig . 2 . The agreement with experiment is very good, and other pronounced
minima were not observed . Distorting the molecule by increasing the torsion angle
at bond 4-5 with simultaneous relaxation of the other bond parameters was found
to cost almost no energy. A torsion angle of zero will therefore not be observable at
finite temperatures, in agreement with the distortions found in crystalline S759 and
Se5S2 .81

Another candidate for the ground state is the boat isomer shown in Fig . 2 . This
structure has been explicitly checked by steepest descent quenches and low temper-
ature annealing and was found to be the lowest excited state, only 0 .1 eV above the
ground state. The boat form of S7 may therefore be observable experimentally.

We have coupled the cluster in its ground state geometry to a heat bath at
T = 1500 K and observed a simultaneous motion about several of the ring bonds,
corresponding to a migration of the bond with torsion angle 7 = 0 around the
molecule . The time required for a single migration to the neighbouring site is about
4000 time steps, and the overall shape of the molecule remains the same. Steudel et
a1 . 82 have inferred such a "pseudorotation" in S7 and Se2S5 at room temperature
from Raman and 77Se NMR spectra (see Sec . 5 .2) . We have used a substantially
higher temperature to overcome the short time scale in our simulations [the simula-
tions proceed roughly a factor of 10 15 slower than the corresponding real process, a
well-known problem in all MD calculations] .

S8

Cyclooctasulphur S8 is the most common and best characterized allotrope of
elemental sulphur and a large amount of experimental data is available .13 There are
three crystalline forms of S8 (a-,

	

-, 7_)12,13 consisting of crown-shaped (D4d) ring
molecules . The crystal structure data given in Tab . 3 are for the thermodynamically
stable orthorhombic (a-)S8 at 100 K .60 The minimum ratio of intra- to intermolec-
ular distances in the crystal is 1 .64 and the small crystal forces distort the ring
marginally from perfect D4d symmetry. Previous theoretical studies 9,16,17,68,70,83
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have given good agreement with experiment .

As in the case of S6 and S7 we have initiated the annealing process from a planar
octagon with small random perturbations . The T -+ 0 ground state (see Fig . 2 and
Tab . 3 ) is the familiar crown structure . The agreement with experimental data is
very satisfactory, except for the small overestimate of the bond lengths (see Sec . 3 .2) .

The converged ground state geometry was then randomly displaced with suffi-
cient amplitude to excite all vibrational modes, and the subsequent constant energy
MD evolution followed for 35000 time steps . The peak positions in the vibrational
DOS calculated from eq. (2.23, 2 .24) agree well with the experimental Raman and IR
spectra of S8 .84,85,86 The highest frequency bands in the DOS are vss = 443 cm
[experiment : 472.5 cm-1 (Raman), 471 cm-1 (IR)], vss = 426 cm-1 [439 cm-1
(Raman) ], vss = 345 cm-1 [418 cm-1 (Raman87)]

	

and Sss = 262 cm-1 (triplet)
[249 cm-1 , 245.5 cm-1 (Raman), 243 cm-1 (IR)] .

Fig. 4:

	

Contour plot of the (pseudo-) density in S8 in
a plane containing three adjacent sulphur atoms. The
contour separation is 0.1 electrons per A3 . Contours
in the core region (< 0.8 a.u . from the nuclei) are not
.shown .
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Fig. 3:

	

Comparison of the calculated ground state eigen-
value spectrum of Sg with the photoelectron spectrum .
Vertical lines indicate the energetic position (in e V) of
the molecular orbitals in the p band . The calculated spec-
trum has been shifted uniformly so that the calculated
and measured peaks near 11 .3 eV coincide .

In Fig . 3 we compare the calculated ground state eigenvalue spectrum of Sg
with the He(l) photoelectron spectrum of sulphur vapour at 413 K .88 The width
and spacing of the energy levels in the p-band agree satisfactorily. Small deviations
from perfect D4d symmetry split degenerate levels up to 0 .05 eV.

The calculated charge densities for the equilibrium structure of Sg are shown
in Fig . 4 . The qualitative shape of the electron density compares very well with
X - N and X - X deformation densities measured by Coppens et a1 .60 The lone
pair lobes are clearly evident and the peculiar double maximum distribution along
the S - S lines60 is reproduced (in contrast, S3 shows a marked accumulation of
electron density near the center of the bond) . Contours closer to the nuclei than
ti 0 .8 a.u . have been discarded because we use nodeless pseudo-wavefunctions, and
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Tab. .4 : Molecular parameters d, a and y for low energy isomers of Sq . Bond lengths
dij (between atoms i and j) in a.u., bond angles ai (at atom i) and torsion angles
yij (at bond ij) in degrees .

S9(Cs, chair")

d12,91 3 .97

d23,89 3 .94

d34,78 4.06

d45,67 3.84

d56 4.22
al 1050

a27% 1090

a3, a8

	

1100

a4, ce7

	

103'
a5, ca6

	

1090

712,91 1050

723,89 96'

734,78 1270

745,67 107'
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Sg (Cs , "cage" )

d12,91

d23,89

d34,78

d45,67

d56

al

a2 ~ a9

a3 ~ a8

a4 ~ a7

a51 a6

712,91

723,89

734,78

745,67

calculated and experimental results are unreliable in that region.

4 .00

3 .91

4 .14

3.81

4.34
112°
105°

113°

113°
110°

62°

66°

27°

76°

5g

The Sg molecule is particularly interesting . While it can be prepared in mi-

S9(C2)

d12,91 3.98
Sg (Cs ,

d12,91

"boat" )

3 .99

d23,89 3.95 d23,89 3.87

d34,78 3.99 d34,78 4.27

(145,67 3 .97 d45,67 3.74
d56 3 .98 d56 4.55
al 103' al 110°

a2, a9 108' a21 a9 106°
as, a8 108' a31 a8 104°
a4, a7 107' a4 1 a7 107°

a5, a6 107' a5, a6 101°

712,91 74' 712,91 86°

723,89 75' 'Y23,89 109°

734,78 66' 734,78 70

745,67 114' 745,67 100°
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81'



crocrystalline form,13,89 and even occurs in biological systems,90 the absence of
single crystals has ruled out an X-ray structure determination . However, informa-
tion about the a- and ,ß-modifications can be obtained from the Raman spectra,
since these spectra are very different from those of all other S molecules studied to
date .89 By analogy to the spectra of S molecules with known structures, Steudel et
al . concluded that the constituent molecules have nearly identical structures with
S- S bonds which are neither unusually long or short, and they predicted values be-
tween 3 .84 a.u . and 3.95 a.u . The relationship between dgg and the corresponding
torsion angle (see Sec . 3.2) indicates that 70° < y < 130°, i .e . geometries with four
consecutive atoms nearly in a plane can be excluded . This rules out the possibility
of CS symmetry, and allows only C1 and C2. Three-fold axes can be excluded .

Fig . 5: Four low-lying structures of Sq .

A theoretical study of Sg has not been reported previously . The calculations
presented here were again started from a randomly displaced planar ring . The
process of "heating" and "cooling" leads to a ground state structure (Fig . 5 and
Tab . 4) that fulfills all of the above criteria . It has C2 symmetry, approximately
equal bond lengths, and torsion angles between 66° and 114° . The structure cannot
be rationalized on the basis of the previous results and most closely resembles S10
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Fig . 6: The structures of S10 and S11 .

with one S2 unit replaced by a single atom (see Fig . 6 and the discussion of S10

below) . Three low-lying structures result by adding S2 units to S7 (CS "boat", CS

"cage") and replacing a single atom in Sg (Cs "chair") by a dimer. The fully relaxed

structures are also shown in Fig . 5 . None of these structures conforms to the above

spectroscopic findings, and they lie > 0 .2 eV above the ground states according to

our calculations .

S10-13

The less common allotropes S10-13 occur only as minor components of liquid

sulphur9l and irradiated sulphur solutions . 75 The ability to prepare pure S10, S11,

S12 and S13 via chemical reactions and/or isolation procedures provided the basis

for a thorough characterization . Apart from a variety of spectroscopic, chemical

and thermodynamical data,l3 the crystal structures of all four species have been

determined via X-ray analyses .92,93,94 The structures are increasingly complicated

homocycles with symmetries ranging from C2 (Sll, S13) to Dad (S12) . Theoretical

investigations have not been performed on any of them.

We have carried out MD-DF simulated annealing calculations for S10-13 in a
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Fig . 7. The structures of S12 and S13 .

fashion similar to S3_g . To accelerate the convergence to the T --~ 0 ground states,
we displaced the atoms slightly from the initial planar rings according to the exper-
imental pattern rather than randomly. The calculated ground state geometries are
shown in Fig . 6,7 and in Tab. 5 . The computations show that the molecules become
more flexible with increasing ring size, with the following two consequences :
(a) The agreement between calculated and experimental dihedral angles and asso-
ciated bond distances (see Fig . 8) worsens with increasing ring size, due to the very
shallow energy surfaces in the vicinity of the minimum . In particular, changing
dihedral angles away from their optimal values and relaxing all other parameters
simultaneously costs very little energy (especially for y outside the range 75-110°) .
Any method that relies on force evaluations would have comparable difficulties for
these extraordinarily flexible species .
(b) For the same reason, deviations from perfect symmetry are greater as the ring
size increases . The data in Tab . 3-5 are the appropriate averages, but the depar-
tures from symmetry are included in Fig . 1-6 . Increasing structural flexibility is
also evident in the crystal structures and is not an artefact of our calculations .

The cyclic S10 molecule exhibits the same D2 conformation in both crystalline
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Tab. 5: Molecular parameters d, a and7 for low energy isomers ofSn , n = 10 -13 .
Bond lengths dij (between atoms i and j) in a.u ., bond angles ai (at atom i) and
torsion angles yij (at bond- ij) in degrees.

30

Sl0 and crystals of the complex Sl0 . 56 . 92 The intermolecular distances become
as small as 1 .55 times the longest intramolecular S - S-bond and the standard
deviations of the X-ray data are slightly larger than in S6 and S8. The individual
molecules have D2 symmetry to a very good approximation and occupy sites of C2

symmetry. The values for Sl0 are compared with the calculated geometry in Tab . 5 .

S10(D2) expt(a) S12(D3d) expt(c)

dl2,45,67,9-10
d23,34,78,89

4.00
3 .96

3.92
3.87

d
a

3.97
1060

3 .88
106.20

d56,10-1 3.94 3 .85 y 880 87.20
al, a5, a6, al0 1070 107 .60 S13(C2) expt(b)
a2, a4,a7,a9 1030 103 .40 d12 3 .97 3.96

a3, a8 1100 110 .20 d23,13-1 3 .98 3.77

712,45,67,9-10 1200 122.60 d34,12-13 3 .97 3.92

723,34,78,89 800 78.50 d45,11-12 3 .96 3.86

756,10-1 720 76.1 0 d56,10-11 3.98 3 .89

S11(C2) expt(b) d67,9-10 3.98 3 .88

d12,11-1 3 .96 3.88 d78,89 3.99 3.88

d23,10-11 3.97 3.90 al ,a2 1060 1090

d34,9-10 3.96 3 .86 03, 013 1070 1080

d45,89 4.00 3 .91 a4, a12 101 0 1030

d56,78 3.96 3 .85 a5, cell 1040 1050
d67 4.03 3 .96 a6, a10 1060 1060
al 1030 1040 a7, ce9 1100 1060

a2, all 1050 1050 a8 111 0 1070
a3, al0 1080 1050 712 540 300
a4, a9 1070 1070 723,13-1 630 740
a5,a8 1100 1080 'Y34,12-13 1011, 1140
a6, a7 111 0 1070 1Y45,11-12 860 900

712,11-1 900 910 756,10-11 700 820

723,10-11 750 71 0 'Y67,9-10 990 940

734,9-10 81 0 830 778,89 880 870

745,89 1200 1160 (a) Ref.89

1/56,78 1040 1030 (b) Ref . 92

767 1270 1390 (c) Ref.93
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Fig. 8:

	

Plot of bond length, d2, against the mean length
of the two neighbouring bonds ((dl + du)/2) in S5 to
S13 . Experimental values are shown by triangles and
calculated values by full circles.

The agreement is very good, although increasing inaccuracies in the dihedral angles
are apparent .

S11 and S13 are very similar, and single crystals of both allotropes contain two
non-equivalent molecules with approximately C2 symmetry occupying sites of C1
symmetry.93 The experimental values shown in Tab. 5 are the averages of the four
appropriate values, and they are in good agreement with our calculations in the
case of S11 . For S13 we find the least satisfactory agreement in the present series
of calculations, with the differences being largest for the dihedral angles and their
associated bond lengths . The relative locations of atoms 6 and 7 are not repro-
duced accurately, leading to unusually large errors in the related parameters . The
structure of the molecule away from the immediate neighbourhood of this bond is
given satisfactorily. It should be noted again that the departures from C2 symmetry
found in the measurements93 are not negligible . The values of 756 and 778 in S11,
for example, range from 98.7° to 109 .0° ; in S13, d12 varies from 3 .92 a.u . to 3.99
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a.u., and al,2 from 106.6 ° to 111 .1 °

After Sg, cyclododecasulphur S12 is the second most common modification of
sulphur . The photochemical, thermal and thermodynamical stabilities of S12 are
almost as high as for Sg, with average bond energies9 l nearly the same. X-ray
structural analyses have been performed for S12 and the solvent adduct CS2 - 512.94

The S12 units have Dad symmetry and occupy sites of C2h symmetry in solid S12.
The calculated and experimental geometries agree very well when appropriate aver-
ages are taken . In the crystal data and the calculations, respectively, bond lengths
vary by 0 .02 a.u . [0.007], bond angles by 1.2° [l .6° ] and dihedral angles by 3.4°
[12.3°] . The shapes of both S11 and S13 can be derived from S12 by inserting an S2
dimer in place of an S3 unit or a single atom, respectively.

3.2 . BINDING ENERGY AND STRUCTURAL TRENDS

Calculated atomization energies are compared with available thermodynamic
data9l,95 in Tab . 6 . It should be noted that the experimental data have been ana-
lyzed assuming that only ring structures are present, whereas we have seen that S3
probably exists as an open structure . In spite of a tendency to overestimate bond
strengths in sp-bonded materials,74 DF calculations with the LSD approximation
for exchange and correlation have provided a consistently reliable picture of bonding
trends. Both features are apparent in Tab . 6 . The atomization energies are overes-
timated in all cases, but S5, S6, Sg and S12 are shown to be relatively more stable
than the remainder by our calculations and the experimental data .

In the case of S3 there is a density functional calculation available using an
LMTO basis .53 The atomization energies are smaller in the MD-DF calculations by
ti 0 .4 eV per atom. This difference reflects the pseudopotential approximation used
in the present work and the different convergence of the basis set expansions in the
two methods .

Some interesting structural trends in sulphur ring molecules have been pointed
out by Steudel and co-workers . 13,96,97 The first is that the longest bonds in these
molecules are always adjacent to short bonds . In fact, the bond length d is inversely
related to the mean of the two neighbouring bonds . In Fig . 8 we plot these two quan-
tities for all the bonds in all the structures given in Tab . 3-5 for S5 to S13 . While
the data base from the calculations is substantially greater, the inverse behaviour is
very pronounced in both calculated and measured structures . The origin of the plot
corresponds to the experimental bond length of S2, which would be the asymptotic
value for both axes . The comparison between the experimental and calculated dis-
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Tab. 6: Calculated atomization energiesa) for Sn, n = 2 - 13 .

	

Comparison with
thermodynamicallyb) derived values for gas phase Sn (energies in e V).

a) DEat = Eat (n) - Eat(n - 1)
b) S2_8 : Ref .95 , Sg_13 : Ref . 91 .

tributions is further evidence for a small and uniform overestimate of bond lengths
in the latter . Calculations on S3, S6, S7 and S11 with lmax = 2 in eq . (2 .12) show
that the restriction to lmax = 1 is responsible for about half of this discrepancy.

The second relationship evident from the measured structures is between the
bond length, d, and the torsion angle, -y, whereby d is shortest for torsion angles

33

n EätIc E
c
tlc E~ erm, QEäa`a QE~ erm

2 (Dooh) 5.48 2 .74 2.19 . . . . . .
3 (3C2v ) 8 .16 2 .72 2 .36 . . . . . .
3 (D3h) 8.65 2 .89 2 .36 . . . . . .
3 (C20 8.81 2 .94 2 .36 3 .33 2.71
4 (C2h) 12 .18 3 .04 2 .37 . . . . . .
4 (D2h) 12 .61 3 .15 2 .37 3 .80 2.42
5 (C2) 16 .59 3 .32 2 .63 3 .98 3.64
5 (Cs) 16 .59 3 .32 2 .63 3 .98 3.64
6 (C20 19.92 3 .32 2 .68 . . . . . .
6 (D3d) 20.44 3 .41 2 .68 3 .85 2.97
7 (Cs, "boat") 23.88 3 .41 2 .70 . . . . . .
7 (CS, "chair") 23.98 3 .43 2 .70 3 .54 2 .81
8 (D4d) 27.69 3 .46 2 .73 3 .71 2 .96
9 (Cs,"cage") 30.27 3 .36 2 .74 . . . . . .
9 (Cs,"boat") 30.65 3 .41 2 .74 . . . . . .
9 (CS, "chair") 30.70 3 .41 2 .74 . . . . . .
9 (C2) 30.96 3 .44 2 .74 3 .28 2 .48
10 (D2) 34.40 3 .44 2 .74 3 .44 2 .75
11 (C2) 37.84 3 .44 2 .74 3 .44 2 .74
12 (D3d) 41 .52 3 .46 2 .76 3 .68 2 .98
13 (C2) 44.98 3 .46 2 .74 3 .46 2 .57
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Plot of bond length, d, against corresponding

torsion or dihedral angle, y. Experimental values are

shown by triangles, calculated values by full circles.

near 90° . The results are shown for the experimental and calculated structures in

Fig . 9 . The statistics are less convincing in this case, but the scatter in the bond

lengths in any small range of y (- 0 .2 a.u .) is much less than the total range of

bond lengths observed (N 0.6 a.u.) . The preference for torsion angles around 100°

had been noted earlier by Pauling,98 who referred to this as the "normal" value for

y in S - S bonds . The torsion angle is defined, of course, by the coordinates of four

successive atoms in a chain . The substantial variation of bond length with torsion

angle is then an indication that four-body forces may be important . In the case

of silicon, Mistriotis et al .99 have found that four-body interactions are essential to

give good agreement with the melting point of the crystal, as well as the geometries

and relative energies of low-lying states of small clusters .

Perhaps the most interesting feature of the structural trends in this family of

molecules is, however, the difficulty of interpolating between or extrapolating from

known structures . The most striking example is Sg, where the structures of three

members of the family on either side are known . Nevertheless, neither the structure



nor even the pattern of torsion angles or "motif", 13, 1 00 of the ground state of this

molecule can be predicted . We have found that isomers with quite different struc-

tures can have very similar energies . The assignment of the ground state depends

then on subtle effects which require quantitative measurements or calculations rather

than qualitative arguments .



Tab . 7. Molecular parameters d, a and ^1 for low energy isomers of Sen , n = 3 - 8 .
Bond lengths dij (between atoms i and j) in a .u ., bond angles ai (at atom i) and
torsion angles Iii (at bond ij) in degrees .

Se4(C2h)

4. SELENIUM CLUSTERS Sea - Seg
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Se6(D3d)

Seg(D4d)
d

	

4.42
a

	

1090
^1

	

980

This chapter presents ground state structures for selenium clusters obtained with

the same procedure described in detail in the previous sections . Not unexpectedly,

the results are qualitatively identical to those for the sulphur system. Although

interesting differences in the chemistry of S and Se exist (see Chap . 1 and Sec . 5.2),

the shapes of the energy surfaces and the relative depths of local minima for the

412,34

d23
a2, a3

Se4(D20

4.14
4 .52
1100

d
a
y

4.42
101 0
760

Se7(Cs )

412,34 4 .07 chair boat

423,41 5 .15 412,17 4.40 4 .36

a1, a2, a3, a4
900 423,67 4.55 4.63

Se5(Cs ) 434,56 4 .26 4.20

412,15 4.48 d45 4.70 4.80

423,45 4 .32 al 1060 1080

d34 4.65 a2, ca7 1010 1000
al 870 a3, a6 1060 1080

a2, ce5 1000 N, a5 1050 1030
a3 ) a4 1000 ^112,71 750 71 0

1/l2,51 660 723,67 1100 440

'/23,45 420 734,56 860 890

Se3(C20 Se6(C20

d12,13 4.16 412,16,34,45 4.35

al 1180 423,56 4.74

Se3(D3h) al , a4 1070

d 4.46 a2, a3, a5, a6 980
a 600 1/12,61,34,45

790



allotropes behave very similarly. The reader is therefore referred to Fig . 1-2 for the
structures of the lowest-lying singlet states calculated for Sea-5 and Sen_g . The
geometrical parameters in Tab. 7 are different mainly because of the larger atomic
radius for Se.

Se3

The trimer has nearly degenerate ring (D3h) and open (C2v) structures . The
bond in the open state is notably shorter than a normal Se-Se single bond (4 .42
a.u . 18 ), indicating a bond order between one and two. We have compared these
results with those of all-electron calculations with the method used previously for
53'53 where open and closed structures with very similar energies are also the low-
est singlet states . The equilibrium geometries are essentially identical in the two
calculations . Bond lengths agree within 0.1 a.u . and bond angles within 1° . The
all-electron calculations indicate a slightly lower energy (- 0 .3 eV) for the open
isomer, in agreement with matrix isolation studies 101 The atomization energies are
larger in the MD-DF calculations by - 0.5 eV per atom. This difference is due to
the pseudopotential approximation and to the different convergence of the basis set
expansions in the two methods . Both the MD-DF and all-electron calculations show
the lowest triplet state - 1 eV above the singlet ground state, as in S3 .53

Se4

Only thermodynamic data22,23 are available for Se4, and our calculations pre-
dict a rectangular singlet ground state of D2h symmetry. A planar trans-isomer
(C2h) with similar bond lengths and angles is a low-lying excited state separated
by a rotational barrier of - 1 eV. Insight can be gained by comparison with S4
(see Sec . 3 .1) and its derivatives . The most striking features of the two lowest Se4
structures are again their planarity and the pattern of bond lengths . As in S4, the
terminal bonds are shorter than normal Se-Se bonds and the central bonds signif-
icantly longer, conforming to the observation that the long S-S bonds in sulphur
compounds are generally adjacent to shorter ones (see Sec . 3 .2) . Similarly, four con-
secutive planar Se (like S) atoms are usually energetically unfavourable, with long,
weak bonds . As in S4, the lowest-lying triplet state lies above the singlet ground
state (by 0.3 eV), contradicting the common assumption that group VIA chain frag-
ments must be diradicals.102 We have also studied the energy surface in the vicinity
of the ground state configurations of refs . 102,69 . The S03 analog (DA) is in our
calculations a stable local minimum 1 .4 eV above the ground state. A helical triplet
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state with C2 symmetry, the ground state in the HF calculations,69 is not a stable
local minimum but relaxes to a rectangle (D2h, with bond lengths 4.30 a.u . and
4.80 a.u.) 0.3 eV above our singlet D2h ground state.

Se5

Fig. 10: Temporal evolution of Se5 from a chain to a
ring structure in the simulated annealing procedure .

As in S5, no definite structural information is available for Se5 . Thermody-
namical data13,18 and the structure of S50 (Sec . 3 .1) suggest a ring structure . An
analogous procedure as described for S5 in Sec . 3 .1 leads to a cyclic ground state
with CS symmetry (see Fig . 10), with several slightly disordered structures nearby.
These are stable local minima with almost degenerate energies, some within 0.02
eV of the ground state. It is remarkable how efficiently we reach the ground state
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(ring) starting from a very different initial state (linear chain) in a few thousand
time steps . Because of its small extent in configuration space, we did not encounter
the C2 "half chair" state reported above for S5 . The structure has not been checked
explicitly by SD methods, either .

Se6

Crystalline Se6 contains molecular units which are six-membered rings with

Dad symmetry.20 The bond lengths (4.452 ± 0 .017 a.u.), bond angles (101 .3±0 .3°)
and torsion angles (76 .2±0 .4°) agree very well with our values for the ground state
configuration of Sq . The "boat" isomer (C2v) (see Sec . 3 .1) is a low-lying excited
state . As expected from the zero torsion angles at the central bonds (2-3,5-6), these
are far weaker and longer than normal single bonds .

Se7

No structural data are available for microcrystalline Se7 . However, the crystal
structures of S759 and Se5S281 (see Sec . 3 .1 and 5.2) suggest that Se7 will have
a chair-like structure with Cs symmetry, and the ground state we find has this
geometry. Moreover, bond and torsion angles agree well with the experimental data
for 57,59 and scaling the lengths59 with the single bond distances found in Se8 and
S8 reproduces the values in Tab. 7 (chair) remarkably well . The boat isomer is
found to be the lowest excited singlet state, but the excitation energy is very small
(0 .07 eV) and this conformation may be accessible experimentally. In both chair
and boat forms of Se7, increasing the torsion angle at bond 4-5 costs almost no
energy. This compares well with the same findings in S7 and torsion angle of zero in
Se7 will therefore not be observable at finite temperatures . 59,81 The widely varying
bond lengths and an abnormally long bond (4-5) associated with zero torsion angle
are reminiscent of Se4, Se5 and Se6 (C2v) . Qualitatively, Se5 can be derived from
Se4 by adding one atom, Se6 (D3d) by adding another, and Se7 (chair) by adding
two atoms at the edge 3-4 of Se5, identical to the structures in the series Se4-Se7.

Se8

The three crystalline forms of Se8 (a-, ,ß-, y-12,18,21) consist of crown-shaped
(D4d) ring molecules . The structural parameters for our ground state geometry
compare very well with the experimental data (d= 4 .414 ± 0.011 a .u ., a= 105.7 ±
1 .6°, (y)= 101 .3 ° for the a-form2l ) .

Binding energy trends comparable to Sn are apparent in Tab . 8, where we com-
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Tab. 8: Calculated atomization energies') for Se,,, n = 3 - 8 .

	

Comparison with

thermodynamically2 ) derived values for gas phase Sen . (All energies in e V)

1) DEat = Eat(n) - Eat(n - 1)
2) Ref.95

pare calculated atomization energies for Se3 to Ses with measured values.95Se5 is
stable relative to its neighbours, and both Seg and Ses are relatively more stable
than Se7. It would be very interesting to have experimental data of higher resolution
and a structure determination for Se7 .

n at
Ecalc ,calc

n.t _
n

,,.t~,therm
n AEactlc QEtaherm

3 (D3h) 8.31 2.77 1 .82 .. . . . .

3 (C20 8.32 2 .77 1 .82 .. . . . .

4 (C2h) 11 .51 2 .88 1 .95 .. . 2 .36

4 (D2h) 12.02 3 .01 1 .95 3.70 2 .36

5 (CS) 15 .85 3 .17 2.14 4.34 2 .87

6 (C20 18 .98 3 .16 2.19 . . . 2 .47

6 (D3d) 19 .34 3.22 2.19 3 .49 2 .47

7 (Cs ,"boat") 22 .66 3.24 2 .21 . . . 2.33
7 (Cs, "chair") 22 .73 3.25 2 .21 3 .39 2.33

8 (D4d) 26.22 3 .28 2 .24 3 .49 2.45



Fig . 11 : The structures of the (a) ground state, (b) "ring",
and (c) "intermediate" forms ofS70 . The sulphur atoms
are numbered cyclically, the oxygen atom is shaded .

5 . HETEROCYCLIC CLUSTERS : S70, SnSe7-,, and Sn Seg_n

5.1 . CYCLOHEXASULPHUR MONOXIDE (S70)

An important advantage of the techniques presented here is their ability to
locate energy minima corresponding to geometries far removed from the starting
structure .

	

In this section, our - goal was to further test the ability of MD/DF to
find low energy structures far removed from the initial geometries . We have started
with the calculated geometry for the ground state of Sg (D40, perturbed each of
the coordinates by a random amount (between - 0 .1 a.u . and 0 .1 a.u.) and located
the nearest minimum. In practice, this procedure can be accelerated by increasing
electron mass and time step to y = 50000 a .u . and At = 8.5 x 10 -16 sec and
following a steepest descent path to the local minimum

I m"0i)E[{RI}' {0i}] at
T=0 .

The resulting ring structure (C,s ) is shown in Fig . 11(b) and corresponds to a
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Tab . 9: Molecular parameters d, a and y for the fully relaxed CS ("ring") isomer of
S70 [see Fig. 10(b)]. Bond lengths dij (between atoms i and j) in A, bond angles
ai (at atom i) and torsion angles yij (at bond ij) in degrees . Sulphur atoms are
numbered 1-7, the oxygen atom is denoted by O.

stable local minimum. The structural parameters are given in Tab. 9 . From this
structure we allowed the system to evolve at 2000 K (mean kinetic energy of the
ions, second term in eq . (2 .18) ) for 1000 time steps . In spite of the large ionic
motion, this produced no significant changes in either the total energy or the basic
structural "motif",100 i .e . the pattern of torsion angles . A further 1200 time steps,
however, brought the dramatic structural changes shown in Fig . 12(a-i) at intervals
of 150 time steps . The Sl-0 and S7-0 bonds become longer, the S1-O-S7 angle
is reduced sharply, and the O atom is pushed out of the ring, forming a bond with
the sulphur atom (number 2) which was originally its next nearest neighbour . The
structure at this point [Fig . 12(1)] is an oxygen atom outside the familiar S7 ring
structure . However, the topology is different from the measured ground state, where
the oxygen is attached to an S3 group, with long bonds to an S4 group which is
approximately planar . If the system is now cooled, the structural motif remains the
same and the lowest energy of this conformation is 0 .47 eV above that of the ring
structure .

The fully relaxed structure is shown in Fig . 11(c) and the parameters are given
in Tab. 10. We have also continued the high-temperature simulation from the geom-
etry shown in Fig . 12(i), reducing the temperature in stages to a low value (< 100K)
and finally reaching the bottom of the minimum via steepest descents techniques .
We have found that the structure changes continuously into the ground state form
shown in Fig. 11(a) and Fig . 12(j) . The total number of time steps used in this stage
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d01,07 1 .78
d12,67 2 .06
d23,56 2 .15
d34,45 2 .11
a0 119
al, a7 110
a2, a6 109
a3, a5 106
a4 108
701,07 102
712,67 94
723,56 95
734,45 98



Fig. 12: (a)-(i) Evolution of the "ring" structure into
the "intermediate" structure . The interval between each
frame is 150 time steps. (j) The ground state structure
from the same perspective . It is apparent that the change
from (i) to (j) proceeds via a conformational change in
the molecule, not by a migration of the O atom.

of the calculation, including the cooling procedure, was approximately 6000. The
lowest energy we find is a stable minimum 0.13 eV below that of the ring structure
[Fig . 11 (b)] . The calculated geometry is compared with that determined from X-ray

43



Fig. 13: Variation of the instantaneous kinetic energy

(in units of T rK]) of the eight particles with time (in

units of At) during the rearrangement phase Fig. 12(a)-

(i) . The dashed line represents the oxygen atom, the

other lines correspond to sulphur atoms.

diffraction 30 in Tab . 10 . The overall agreement is very good . Experimental bond

and torsion angles are generally reproduced to within 2-3° , lengths of shorter bonds

are overestimated by 1-4 % , while the particularly long bonds d12 and d23 are

overestimated by slightly more. The calculated distance between the oxygen atom

and the remote neighbour S7 (2 .88 A) is shorter than the measured value (2 .96 Ä)

The d70 separation is associated with a small torsion angle and is correspondingly

long .30 The discrepancies in the bond lengths are due to the pseudopotential de-

scription we have adopted and to the extreme flatness of the energy surface near the

minimum. While the agreement between theory and experiment is very good, it is

perhaps even more remarkable that this structure has been found in only 8000 time

steps (- 10-12 seconds from a starting configuration with a very different topology.

Although the ground state structure of S70 is well established, 30 the unusual

behaviour of oxygen in only forming rings outside homocyclic sulphur rings is not well

understood . 103 In fact, it has not been clear whether the ring structure corresponds

to a stable local minimum in the energy surface or deforms spontaneously into

another structure with lower energy. The existence of the molecule Cl-0-Cl

with an "open" ground state structure104 suggests that there is no fundamental
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Tab . 10:

	

Molecular parameters d, a and y for C1 conformations of S70 . Bond
lengths dij (between atoms i and j) in A, bond angles ai (at atom i) and torsion
angles yij (at bond ij) in degrees .

(a) intermediate C1 structure, see Fig. 12(1) .

(b) quenched intermediate C1 structure, see Fig . 11(c) .
(c) ground state C1 structure, see Fig . 11(a) and Fig. 12(j) .

reason why S-0-S bond angles near 90° should not occur. As noted above, Se
substitution into a S,z ring proceeds with comparatively small structural changes
- modest increases in bond lengths and no change in the structural motif and the
topology.

Our calculations shed some light on these issues . We find that the CS ring
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(a)
1

Cint Cint,T,0 (b) Cg .s . (c)
expt.

d12 2 .20 2.25 2.46 2 .28
d23 2 .60 2.39 2.28 2 .16
d34 1 .95 2.04 2.04 2 .01
d45 2 .05 2.15 2.21 2.12
d56 2 .32 2.12 2.02 1 .99
d67 2 .02 2.10 2.29 2.20
d71 2 .45 2.12 1 .99 1 .96
d70 2 .88 2.96
d02 1 .69 1 .54 1 .56 1 .47
al 100 105 95 99 .9
a2 84 91 95 97 .0
a3 112 104 100 100.4
a4 118 106 106 102.9
a5 112 98 102 105.7
a6 94 112 103 105.7
a7 112 112 106 106.5
a320 113 109 108 107.0
a021 117 111 98 101 .5
712 113 111 113 111 .9
723 104 105 75 78.4
734 63 84 92 81 .0
745 65 79 114 112.3
756 98 103 82 80 .5
767 78 67 7 6.3
771 13 29 94 89 .5
77120 17 17 4 2 .9
70234 13 7 26 25 .9



structure is a stable local minimum lying approximately 0 .13 eV above the lowest
energy for the Cl .s . structure . The energy barrier for the change from "ring" to
ground state is substantial, and the structural change involved is very interesting .
As the simulation proceeds, the S-O-S bond angle becomes substantially less and,
together with the lengthening of the S7-0 and Sl-O bonds, results in the O atom
being pushed out of the ring . In the structure in Fig . 12(e), for example, aS10S7
= 65 ° , rS10 = 2.41 A, and rS70 = 2 .51 A. The energy of this structure is close to
the top of the barrier between the "ring" [Fig . 12(a)] and "intermediate" [Fig . 12(i)]
structures . The height of the barrier is - 5 eV, which is substantially larger than the
thermal energy available initially. The energy fed into the system to maintain the
average kinetic energy of the nuclei means that the system is far from equilibrium
during most of the simulation . This is exemplified in Fig . 13 where the variation of
the kinetic energies of the eight atoms during the critical rearrangement phase of
the simulation is shown (Fig . 12 (a)-(i)) . The oxygen atom acquires up to five times
the average kinetic "temperature" and helps the system to climb an energy barrier
of 5.7 eV at time step no. 600 . This opens a downhill way in the energy surface
for sulphur atom no . 6, that by itself then gets essentially all the available kinetic
energy at time step no . 900 (see Fig . 13) . The non-equilibrium partitioning of the
kinetic energy in the system seems to be an important factor in overcoming energy
barriers with the MD procedure .

The tendency of ozSOS to be of smaller values than aSSS is apparent in calcula-
tions for triatomic molecules . 10,53 calculations for 03, S02, SOS and S3 all lead to
two low-lying singlet states ('Al) with minima for bond angles near 60° ("closed")
and 115° ("open") . The relative stabilities of these states, however, shows a pro-
nounced variation from molecule to molecule . In SOS, for example, the ground
state is a "closed" structure with a - 75°, whereas the corresponding minimum in
S02 is over 4 eV above the "open" ground state . This remarkable difference can
be traced directly to the fact that the valence p-eigenvalue lies much higher in S
than in 0,53 which is consistent with the small core in O and the more compact
p-orbitals in first-row atoms . By contrast, the valence eigenvalues and the extent of
the valence eigenfunctions in Se are very similar to those in S, consistent with the
minor structural changes observed in Se substitution . 105

The trends in bond lengths known to exist in sulphur rings 13,96,97 (see Sec . 3 .2)
can be applied to S-0 bonds in an analogous fashion . In Tab . 11 we compare
experimental bond lengths for diatomic49 and triatornic 104 molecules with the results
of density functional calculations .53,106 Also shown are the corresponding results for
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Tab. 11 : Calculated and measured S-0 and S-S bond lengths (A) . For both the

ground state (g.s.) and ring structures of S70 the S-S lengths refer to the bonds

closest to the O atom.

(a) Ref . 49

(b) Ref . 106

(c) Ref. 104

(d) Ref .30

(e) This work.

(f) Ref .53

(g) This work (Chap. 3) .

S8 and S70 . The S-0 bond lengths are remarkably similar if the oxygen atom is
at the extremity of a small molecule or outside a ring, as in the ground state of
S70 (i .e . double bonds) . In SOS and in the ring conformation of S70 (i.e . single
bonds), however, dsp is substantially greater, with the bond in the latter being 5%
longer than in SOS. A similar effect can be seen in S3 and in S8, where the bond
in the ring structure is also 5% longer . As we may expect from the alternation in
bond strengths in sulphur ring molecules noted above, the extremely long S-0 bond
in cyclic S70 is associated with neighbouring S-S bonds which are respectively 2%
shorter and 2% longer than in S8.

The results we have obtained show that trends in the di- and triatomic molecules
are indeed apparent in larger systems . DF calculations indicate that the "closed"

4 7

S-0 (expt) S-0 (calc) S-S (expt) S-S (calc)

SO 1 .481a 1 .54b

OSO 1 .432' 1 .46b

SSO 1 .465' 1 .884'

S70 (g.s.) 1 .474d 1 .56e 2.163 1 2 .283d 2.28, 2.46e

SOS (open) 1 .70f

SOS (ring) 1 .76f

S70 (ring) 1 .78e 2.06 1 2.15e

S2 1 .889a 1 .98f

S3 2.00f

S8 2.059 2.119



conformation of SOS is more stable than the "open" structure, and make plausible
the tendency of the -S-0-S- bridge structure to break up on increasing the kinetic
energy. However, the energy difference between the ring and ground state structures
is so small (- 0.1 eV) that qualitative arguments cannot be expected to predict the
ground state. The situation is similar to that in S7 or Sg, where several structures
have similar total energies and detailed calculations are essential to determine the
most stable conformation .

5.2 . MIXED SULPHUR-SELENIUM CLUSTERS SexSy
The last decade has seen considerable use of Raman spectroscopy to study mixed

sulphur-selenium systems, with impressive results . The structures of the eight-
membered systems l, 2, 3 - Se3S5 107 and 1, 2, 5, 6 - Se4S4 108 have been determined
qualitatively, and the first rings with less than eight atoms [(l, 2) -Se2S5 and SeS5]
prepared and characterized . 109 Ring molecules with a majority of Se atoms (Se5S,
Se5S2, Se6S2)81 have also been studied . A comparison with Urey-Bradley force field
calculations of fundamental vibration frequencies of six- and seven-membered Se -S
heterocycles 110 showed that the ground state of the last of these contained adjacent
Se atoms. 77Se NMR spectroscopy has been used recently"' to identify isomers
of Se,,S8-,z obtained from molten mixtures of the elements . The main components
were found to be SeS7 and (l, 2)-Se2Sg, with smaller amounts of twelve others . For
a given chemical composition, isomers with all Se atoms adjacent to each other were
the most abundant . In the case of Se2S5, the 77Se NMR signal in CS2 solution has
a single peak at room temperature, so that the Se atoms are magnetically equivalent
on the NMR time scale . 112 This was viewed as evidence for "pseudorotation", by
which all ring atoms become equivalent within a certain time interval due to the
simultaneous rotation about several of the ring bonds .

Predictions of the relative stability of different isomers have been difficult to
make . The interconversion of various Sex Sy molecules and complicated ring-chain
equilibration processes involve the rupture and formation of S - S, Se - Se and
Se - S bonds, and a theoretical study of reactions involving the groups

-S-S -+ -Se-Se- --) 2 -Se-S-

	

(5.1)

has been performed recently using Hartree-Fock techniques with a minimal Gaussian
basis . 113 Even with a single configuration and a restricted basis, the computing ef-
fort required for parameter-free calculations of eight-membered rings was considered
impracticable, and these authors restricted their attention to a number of hydrides
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containing these bonds . It was found that the energy changes of various rearrange-
ment reactions related to (1) were very small (between 0 and -2 kJ mol-1 ) . Not
even the calculated exothermicity of the reaction is consistent with calorimetric mea-
surements in the liquid [for an equimolar solution, the reaction enthalpy for (1) was
concluded to be close to the enthalpy of mixing OH,n = +1 .3 kJ mol-1 ], 114 For
diatomic molecules in the gas phase, 115 the enthalpy change is +7.9 ± 6.7 kJ mol-1
and the sum of the dissociation energies on the left side of (1) is greater than the
sum on the right .

The stated uncertainties (10-20 kJmol-1) of energy differences in these calcu-
lations are, however, substantially greater than the energy differences themselves .
Moreover, previous experience with other molecules containing group VIA elements
has shown that the inclusion of correlation effects (i.e . those beyond the Hartree-
Fock approximation) is essential . 10 Predictions of the small energy differences in
Se.,Sy molecules require a method that is free of adjustable parameters, includes
correlation effects, and permits both full geometry optimization and a thorough
study of the convergence of the numerical technique, particularly the basis set .
These are severe demands on any method .

Se2S6, Se6S2 .

The cyclic structures possible in Se2S6 and Se6S2 are shown in Fig . 14 . The
numeration of the atoms begins in each case on one of the minority atoms . The
relative energies of the low-lying molecular states are shown in Fig . 15 , and the
geometries corresponding to each structure are given in Tab. 12,13 . The calculations
make no assumptions about the symmetry of the molecules, and it can be seen that
the departures from the symmetries given in the table are very small .

The structures show a number of remarkable features . In all eight structures,
the three bond lengths (S - S, S - Se, Se - Se) are not only the same within
0.01 A (2 .08 A, 2 .23 A, 2 .35 A), but the S - S and Se - Se bonds are the same as
found in our previous calculations for the ring structures of Sg and Seg . All three
are merely the sums of the corresponding atomic radii . The idea of transferability
between different structures is enhanced by the observation that the average of the
structural parameters is the same for each of the four structures [(dij ) = 2.15 A,
(ai) = 108.0°, (y) = 98 .7° in Se2S6 ; (dij) = 2.29 A, (cri) = 107 .4°, (?') = 99.5° in
Se6S2] . If we take these parameters and extrapolate to SeOS8 and Se8SO, we obtain
structures close to the known structures of Sg and Seg .

The deviations found from the average values of the structural parameters are
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Fig . 14 : Structures of Se2S6 (and Se6S2) .

also quite regular . Replacing S by Se leads to the increased bond length expected

from the atomic radii and locally to a reduction in both bond and dihedral angles .

While the angle changes that result from changing a single atom type are not as

localized as changes in the bond length, the perturbations are only of the order of

2°, so that the basic structures are very similar .

The relative energies shown in Tab . 12 show that the (1,2) structures are the

ground states in both Se2S6 and Se6S2 . The energies of the other structures are

degenerate to within 3 meV and lie 0 .08 eV above the ground state in each case . We

note here that the (1,2)-isomer is the most prominent detected in the NMR spectra

of Se2S6 - there are smaller amounts of the other three - and the only one found

in NMR spectra of Se6S2 . ill

Se2S5, Se5S2 .

The twelve different cyclic trans-structures of Se2S5 and Se5S2 are shown in

Fig . 16 . The structures 4, 8, and 11 have a single mirror plane (Cs symmetry), while
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w

Fig. 15 : Relative energies of different structures in Se2Sg

and Se6S2 .

there are no symmetry elements (other than the identity) in the other structures .
The lower symmetries reflect the fact that the the CS chair structure of S7 has
lower symmetry than the crownlike D4d structure of Seg and Sg, the basis for the
structures in the preceding section .

The structural parameters are given in Tab . 14,15 . They reflect well-established
trends in cyclic group VIA molecules, 13,116 including the relationship between the
bond length and dihedral angle, y, (the shortest bonds have -y-values near 90° due
to minimal lone-pair repulsion between neighboring atoms, see Sec . 3 .2) and the fact
that long bonds are adjacent to short bonds . The bonds 1-2, 2-3, 3-4, 4-5 are not
related by symmetry in any of these clusters, and the ranges of bond lengths (1 .99 A
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Tab. 12: Molecular parameters d, a and y for all isomers of Se2S6 . Bond lengths
dij (between atoms i and j) in A, bond angles ai (at atom i) and torsion angles 7ij
(at bond ij) in degrees .

to 2.50 A) and dihedral angles are much greater than in the eight-membered rings.

Within each bond type, however, we find the same transferability as noted above.

The average 1-2 and 7-1 bond lengths, for example, are 2.06 A, 2.21 A, and 2.33 A

for S - S, S - Se, and Se - Se, respectively. As in the eight-membered rings, the

replacement of S by Se leads to longer bonds and smaller bond angles.

The relative energies of the different structures are shown in Fig . 17 . The re-

sults are similar to those in Se2S6 and Se6S2 in that the structures with lowest

energies have adjacent minority atoms . However, there is no evidence of systematic

degeneracies, and the energy spread is larger in Se5S2 than in Se2S5 . Our calcula-

tions have been restricted to the vicinity of the cyclic trans- (or "chair")-structures

derived from the ground state structure of S7 or Se7. The previous calculations

(Chapters 3 and 4) indicate, however, that the cis- or "boat" structure lies only
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(1,2) [C2l (1,3) [Cs] (1,4) [C2] (1 ,5)[C2v]

d12 2.34 2.22 2.22 2.23

d23 2.23 2.22 2.07 2 .08

d34 2.07 2.22 2.23 2 .08

d45 2.08 2.08 2.23 2.23

d56 2.09 2.08 2.08 2.23

d67 2 .08 2.08 2.07 2.07

d78 2.07 2.08 2.08 2.08

d8l 2.23 2.22 2.23 2.23

al 105 .9 106.1 106 .7 106.7

a2 105 .8 108.1 108 .2 108.9

a3 108.1 106 .2 108 .2 108.6

a4 108.8 108 .4 106 .7 108.4
a5 109.1 108 .7 108 .5 106.5

a6 109.2 109 .2 108.7 109 .2

a7 108 .8 108 .7 108.8 108 .7

a8 108 .2 108 .5 108.6 108 .5

712 96 .8 98.0 98 .3 99.1

723 97.2 96.6 97 .8 96.6

734 97.6 96 .1 96 .3 98.2

745 100 .6 100 .4 99 .1 100.5

756 102.9 102 .1 101 .1 99.0
767 100.5 100 .4 98 .9 96.5

778 97 .5 99 .0 99 .1 97 .7

7R1 97 .3 . - 97.6 99 .1 100.4



Tab . 13 : Molecular parameters d, a and 'Y for all isomers of Se6S2 . Bond lengths
dij (between atoms i and j) in A, bond angles ai (at atom i) and torsion angles -1ij
(at bond ij) in degrees .

ti 0.1 eV higher . We therefore expect that heterocyclic structures possibly derived
from the latter will also lead to a band of total energies similar to those for the
trans-form, so that the final spectrum for each molecule will be very complicated .
While structures with neighbouring minority atoms are the best candidates for the
states with lowest energy, the precise ordering of the remainder within the bands
is difficult to predict . This ordering may also be irrelevant, as many structures are
likely to coexist in any given system .

Dynamics in Se2S5 .

Chemists prefer to view mixtures of different molecules in solution and in the
liquid phase (whether isomers and conformers) as static for the individual molecules :
The single molecule is not seen as dynamically changing entity, apart from vibrations

5 3

(1,2) [C2] (1,3) [Cs] (1,4) [C2] (1,5) [C2v]

d12 2.07 2 .22 2 .23 2.23
d23 2.23 2 .22 2 .34 2.35
d34 2.35 2 .23 2 .23 2.35
d45 2.35 2 .34 2 .22 2.22
d56 2.35 2 .35 2 .35 2.23
d67 2.35 2 .35 2 .35 2.35
d78 2.35 2 .35 2 .35 2.35
d8l 2.23 2 .23 2 .22 2.22
al 109 .3 109.2 108.9 109 .1
a2 109 .3 107.4 107.2 107 .2
a3 107.0 109.1 107.0 106 .6
a4 106 .9 107.1 109.0 107 .0
a5 106 .3 106.6 106.9 109 .1
a6 106.4 106.4 106.8 107 .3
a7 106 .8 106.5 106.5 106 .6
a8 107.1 106.8 106.8 106 .9
712 101 .9 100.9 100.6 97.8
723 100 .9 100.8 100.4 100 .2
734 99.8 100.4 100.9 101 .1
745 98.2 98 .0 98 .6 98 .4
756 96.3 98 .5 98 .1 97.6
767 98.2 98 .6 100.2 100 .1
'Y78 99.8 98 .2 98 .4 101 .1
781 100.9 100 .4 98 .6 98.5
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Fig . 16 :

	

Structures of Se2S5 (and Se5S2) .

around the equilibrium geometry. This view is fostered by numerous theoretical
calculations aimed at finding highly symmetric minimum total energy structures
at T=0 and characteristic vibrational modes . However, solutions and liquids are
usually kept at temperatures T >0 K and dynamical phenomena other than small
amplitude vibrations can be expected to influence the stuctural behaviour of every
single constituent molecule . At least for the species under consideration here, the
picture emerging from our MD/DF calculations is a quite different one . We have
coupled a single example molecule (Se2S5) to a heat bath of T =300 K, simulating
the interaction with the environment by a rescaling of the atomic velocities . 117

As we have noted above, there is spectroscopic evidence in Se2S5 at room tem-
perature 112 for "pseudorotation" between different (1,2)-conformers [labelled 1 to 4
in Fig . 16] . This is consistent with the torsional barrier of S - S bonds in sulphur
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Fig. 17: Relative energies of different structures in Se2S5
and Se5S2

,rings, which has been estimated from the heat of formation of S7 to be <_ 24 kJ
mol-1 . 116 The (4,5)-structure [4 in Fig . 16] has the highest energy of the structures
with neighbouring Se - Se atoms .

After finding the CS structure with energy shown in Fig . 17, we continued the
molecular dynamics at a temperature of 300 K, and show the geometry changes
occurring in the first 3 .5 x 10 -13 s (3500 time steps, At = 8 .5 x 10-17 sec .) in
Fig . 18 . The energy rises initially and passes through two pairs of local maxima
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Fig. 18: Molecular dynamics of Se2S5 at T = 300 K,

showing the change from the (4,5)-structure (a) to the

(3,4)-ground state structure (h) . The interval between

each plot is 5000t, with At = 8 .5 x 10 -17 sec .

and minima to a saddle point in the energy surface 0.12 eV above the starting

energy. The corresponding geometry is very close to the one shown in Fig . 18 (e) .

After crossing this barrier, the molecule has a structure with the same pattern of

torsion angles ("motif" )100 as the ground state, and the energy falls rapidly to a

local minimum corresponding to Fig . 18 (h) . If we now use the above procedure to

locate the bottom of the energy minimum and the corresponding T = 0 energy, we

find precisely the ground state energy and structure given in Tab . 14 . The energy

is 0 .22 eV [20 kJ mol -1] below the saddle point, similar to the value of the torsion

barrier quoted above for S7-
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A comparison of the (4,5)- and (3,4)-structures [Tab . 14] shows that the the
geometry changes are substantial . The Se - Se bond length changes from 2.50 A to
2.26 A, and the dihedral angle from zero to 82.8° . In fact, the bond length increases
to 2.52 A before decreasing to its final value . The bond angle changes are much
smaller . Fig . 18 shows that the change in structure involves a concerted change
of the positions of all atoms, with the largest motion apparent in the Se atom
4. During this simulation, the maximum instantaneous temperature fluctuations
(T - (T)) were found to be as high as 750° , i .e . the kinetic energy is again (Sec . 5.1)
distributed over the atoms in a far from uniform fashion .

In order to study the dynamics further, we have carried out an extended sim-
ulation of 60000 time steps from the ground state structure in Fig . 16(3) . The
system went through a large number (- 200) of extrema in the energy surface, with
a maximum energy - 0 .12 eV above the ground state energy. This was obviously
insufficient for the system to cross a barrier to one of the neighbouring stable local
minima depicted in Fig . 16 . The system remained in the basin of attraction of the
ground state structure throughout .

This suggests that in solutions or in the liquid phase statistical averages over
structurally different molecules dominate the properties in question . The individual
constituents can constantly change their shapes as dictated by the temperature of
the bath and the shape of the energy surface . In the 7-membered rings basins of
attraction (local minima) of different extent are separated by barriers that can be
overcome at T =300 K. The temporal order of magnitude for a conversion 4 -> 3 in
Se2S5 is t = 4 x 10-13 s, far beyond the NMR time scale . Our maximum simulation
period (5 ps) was not long enough to observe another structural change out of that
dominant minimum . The basin of attraction for the ground state Fig . 16 (3) is not
only deeper by > 0 .05 eV, but apparently more extended .



6 . CONCLUDING REMARKS

The combination of molecular dynamics and density functional methods has
given excellent results for small sulphur and selenium clusters, and useful results
in S70, where the geometry changes and the energy barrier between the ring and
ground state structures are both very large . In the heterocyclic ring molecules
SexSy we have studied the opposite extreme - structures with very small energy
differences and energy barriers that are small on a thermal scale . The results are very
encouraging . While no method can guarantee finding the absolute energy minima
in low-symmetry clusters of this size, we believe that the methods and strategies
presented in this thesis are presently the most promising approach to locating the
most relevant minima.

Four different factors are important in enabling the MD simulated annealing
procedure to locate the optimal energy minima, in spite of the complexity of the
energy surfaces and large energy barriers . (1) The continuous supply of kinetic
energy via the external heat bath is essential to overcome potential energy barriers
that are large on a thermal scale (> 5 eV at (T) = 2000 K in the case of S70) .
This process is effective unless the energy surface is so steep that the kinetic energy
loss cannot be compensated at the imposed (T) . (2) The kinetic energy can be
partitioned among the individual atoms of the molecule in a very non-uniform way,
allowing one atom in a small cluster to acquire essentially all available kinetic energy.
(3) The trajectories generated by the MD equations of motion appear to be very
successful in locating reaction pathways to low-lying minima. (4) Our experience
with group VIA clusters has shown that the lowest-lying minima are significantly
more extended than higher ones . However, it is conceivable that the reverse could
be true in other systems, and an extension to group VA elements is currently in
progress .

The techniques require no assumptions about the equilibrium structure, al-
though the procedure can be accelerated by starting the calculation with initial
geometries based on some knowledge of the structures . Entropy arguments suggest,
for example, that it would be more difficult to locate a highly symmetric minimum
if we start in a conformation with low symmetry. The agreement with available
experimental data is very encouraging, and the predictions in the other cases should
be reliable . It is not universally appreciated how complex the energy surfaces are in
such molecules . There are generally very many local minima, and it is not realistic
to expect that conventional methods, either using correlated wave function or den-
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sity functional techniques, will be able to find a path in configuration space between
low-lying minima . This situation will be true even if gradient techniques are used,
as the analytical properties of the energy as a function of the coordinates are by no
means simple . In principle, the same method could be applied to Hartree-Fock or
configuration interaction techniques, but the CPU time required with current imple-
mentations of these methods would be much greater than the 5 seconds a combined
diagonalization/self-consistency/MD step requires with the present approach for the
most difficult case of S70. The introduction of a kinetic energy ("temperature")
term in eq . (2 .18) enables the system to locate the most favourable geometry in a
large region of configuration space. It is, of course, possible that there are regions
which are not probed by this method, and there is no guarantee that we have found
the absolute minimum of the energy E in all cases . The calculations performed
here have been very extensive, however, and most candidates for the ground state
structures have been tested .

We are confident that the approach in its current implementation will be of value
in numerous other systems where the pseudopotential/plane wave approximation is
appropriate, and that the MD-DF method should be a valuable complement to
traditional quantum chemical techniques in studying energy surfaces in general .
Apart from the search for ground state geometries, the method could be of value to
study dynamcal phenomena in small molecules like chemical reactions . Most of the
calculations here mimic the isokinetic ensemble and it is unclear exactly how this
affects the dynamics we observe. In the thermodynamic limit, the average static
properties should be identical to those obtained in the microcanonical ensemble
appropriate for an isolated cluster in the gas phase . The fluctuations, however, will
be different and this affects the dynamics without any doubt .

The combined MD/DF method is currently the most reliable method to perform
molecular dynamics simulations of disordered bulk systems aiming at properties
and processes that occur on time scales of a few picoseconds and length scales
of a few (< 10) atomic distances . Although a more efficient implementation is
conceivable, these limitations impose very serious constraints for studying a number
of interesting questions . The ultimate limit one encounters is the cubic scaling of
the orthonormalization constraints, and that regime is reached with - 250 atoms .

One natural extension of the method is towards an ability to deal with more lo-
calized orbitals, essential for treating late transition metals or f-elements . This could
be accomplished in either of two ways . Several attempts have been made to incor-
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porate localized basis functions like, for example, linear combinations of muffin-tin

orbitals, Gaussians or finite elements . The success is very limited and no implemen-

tation working nearly as efficiently as the current one has been reported to date .

Another possibility is the development of optimally smooth pseudopotentials li8 for

first row elements, transition metals and f-elements and an increase in efficiency of

dealing with a very large plane wave basis .

Ultimately, fundamentally different methods of dealing with the Coulomb inter-

action in many-electron systems in conjunction with ever faster supercomputers will

be necessary. Quantum Monte Carlo methodsli9 offer some interesting prospects,

but, in their attempt to find the exact wavefunction, are currently several orders of

magnitude less efficient than density functional approaches like the one described

here . Analytical and synthetic chemists are, however, less interested in an isolated

few of extremely accurate numbers than in chemical trends across the periodic sys-

tem of elements . MD/DF calculations as presented in this thesis can answer many

of the questions now that "exact" methods will perhaps not be able to answer over

the next decades .



It has been pointed out in Sec . 2.1, eq . (2 .13), that the computational cost of
the product Ho necessary for the evaluation of the unconstrained forces on the
electronic degrees of freedom (2 .19)

can be reduced significantly using FFT techniques . Straightforward matrix mul-
tiplication in eq. (2 .19) results in a dot operation count of O[NM2] (the O[MN2]
operations due to the orthonormalization will be left aside here) . N is again the
number of electronic states and M the number of plane wave coefficients per state .
The kinetic energy part of the Hamiltonian (2.13) acting on the wavefunctions in
reciprocal space requires only O[MN] operations, but the action of the potential en-
ergy operator is a convolution that can conveniently be calculated as multiplication
in real space . As will be shown further below, transforming V and 0 to real space
and V0 back to reciprocal space requires only O[NMlog2M] operations when FFT
techniques are employed . M is the total number of points used in the 3-D Fourier
transform grid and its lowest possible value is subject to a consistency criterion that
contains the absolute value G,,,,, ., of the wave vector of the most rapidly varying
plane wave components used to represent the potential V and - equivalently - the
density p. Let us start with the density in reciprocal space

or, using a DFT grid,

Appendix A. FAST FOURIER TRANSFORM (FFT)

Replacing p(r) with the Fourier

P(G) =

which gives us the criterion

1
M

This is, however, different with a

M

P(

P(G)

SE

	

__ Hoi(r, t)

	

(A.1)boi (r, t)
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) = SZ J~
drp(r)e-r (A.2)

= I E P(r)e-iGrQ (A.3)
ransform of p(G) yields

n p(G) e-Z(G-G)r (A.4)
G r

-i(G-G)r = s(G - G, 0) (A .5)

finite mesh size

(G-G)r = 6(G - G, 0 + g) (A .6)



where g is the reciprocal lattice vector of the r lattice, in a simple cubic lattice

and so

27r
g = -(1V1) 13

a

ni, n2,n3 are the corresponding integer indices and a is the lattice constant . Eq. (6)

is fulfilled when gr = 2rN for all integer N . In the sc lattice the smallest possible

absolute value of g is

which in order to be consistent with eq. (4) must fulfill the condition

which serves to fix M once an appropriate cutoff Gmax has been determined from the

accuracy required in the calculation . Analogous criteria can be derived for lattices

of different symmetries.

In general, the cutoff G,-,, a ., for the expansion of potential and density must

be 2Gmax(%), twice the value for the electronic eigenstates, but we found that

this criterion can be relaxed to Gmax - 1 .5Gmax(O) with substantial savings in

computational effort due to eq . (10) . A unique cutoff for all expansions in plane

waves as proposed by Martins et a1 .120 based on physically intuitive arguments was,

however, inadequate and leads to substantial inaccuracies and convergence problems

when based solely on Gmax(O-

Let us now turn to the question of how multi-dimensional DFTs like in eq. (3)

are performed efficiently on a digital (vector) computer . 121,122 . For the sake of

simplicity we start from a 1-D transform g := Fnf of a sequence f with period n in

generalized notation (Fn is the corresponding discrete Fourier operator)

-
2a (M)

39min -

9min > 2Gmax

	

(A.9)

i
-
47r

(M) 3 >

	

Gmax (A.10)
a
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n2

n3

-ipv/n

(A.7)

(A.8)

n v-0
1 n-1

- n ~ fVWn
v=0

As noted above, this resembles a matrix multiplication and appears to be an D[n2]

process . The Fast Fourier Transform algorithm, well-known already in the 19th



century but rediscovered in 1965 by Cooley and Tukey, permits a reduction to
O[nlog2n] operations . To apply the FFT n must be factorisable as a product of
at least two integers n = pq so that the indexing of the data f can be done mod p

We obtain then

where A = 0,1, . . ., n -1, the inner sum being a DFT of length q so that we can write

1 p-1
(Fn f),\ = - Z

lPgf(v)~
Wn va

	

(A.14)
p v_0

	

A

Eq. (14) performs P,,f with n(p - 1) multiplications and p DFTs Fqf(') . The root
of the FFT is now the recursive application of eq. (14) until only trivial DFTs of size
1 are left . The number of multiplications An necessary to compute a DFT where n
factorises as

It is obvious that the same procedure can be applied to reduce the operation count
in a d-dimensional DFT

glllP2 . . .Pd =

1
9P1P2 . . .Ud - n

vl -0

n-1
W-v1/~1 .n

-1
Wn vlu1 - . . .-vd11d f

v1 v2 . . . vd

which can be separated into d 1-D DFTs with nd-1 index combinations each :
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Wn vdPdf
v1v2 . . .vd

1"d=0

The number of multiplications is then always less than dnd- 'An .

(A.18)

(A.19)

n = plp2 . . .pk+l ~ pk+1 = 1 (A.15)

is then only
k

An = n E (p. - 1) (A.16)
v-1

In the case of pl = p2 = . . . = pk = 2 this becomes

An = n log2n (A.17)

fj = fv+Pp J = 0, 1 1 -. . ., n 1,

v=0, . ..,p-1,

ß = 0, -. . ., q 1, (A.12)

p_1 q_1
(Fnf)A

1 1
VA

_
- , ~, fv+ppwq O~W (A.13)

p v=0 q p_0



ACKNOWLEDGEMENTS

I should like to thank the Institut für Festkörperforschung (IFF) of the Kern-
forschungsanlage Jiilich (KFA) and especially the theory group of G. Eilenberger
for their hospitality, generous support and encouragement during all stages of this
work. Their openness towards novel and not-so-novel ideas has helped me scaling
the peaks as well as plumbing the depths of science, physics and related areas . My
special thanks go to R.O. Jones with whom cooperating has been a real pleasure in
the three years that I spent in the KFA. From him I have been able to learn many
more things than density functional theory and theoretical molecular and solid state
physics, among them the strategies how to pick the "right" physical problems, plan
a project, do the work and present the results properly ("tricks of the trade") . Given
my ignorance, I wonder why he never really lost patience . The discussions I have
had with J . Harris about physics and related as well as totally unrelated topics have
always been instructive and most of the time very enlightening .

R . Car and M. Parrinello deserve special thanks not only for devising the MD/DF
approach, which has triggered a small scale revolution in the field of molecular
dynamics and quantum chemistry, but also for the warm hospitality that I enjoyed
in the 10 weeks at the Scuola Internazionale Superiore di Studi Avanzati in Trieste .
The countless discussions I have had with them and the enthusiasm conveyed were
necessary to perform the work presented here . Among the members of the group,
G . Galli, F . Buda and G. Chiarotti deserve separate mention for their help with the
"nitty-gritty" details that are indispensable to all work of this nature .

Most of this work would have been inconceivable without the outstanding su-
percomputing facilities in the KFA, provided by the Zentralinstitut für Angewandte
Mathematik and the Höchstleistungsrechenzentrum, and I thank their staffs for sup-
port .

I should also like to thank J . Treusch as my superior for providing an environ-
ment in which it was possible to combine the sometimes conflicting scientific and
administrative aspects of my work in the Stabsstelle Supercomputing at KFA .

Finally, I thank P.H . Dederichs for supervising this work and for the many
useful discussions I have had with him and other members of his group at the IFF,
particularly S . Blügel .



REFERENCES

1 . M.R. Hoare und J.A . McInnes, Adv . Phys . 32, 791 (1983) .

2 . L.T . Wille and J . Vennik, J . Phys . A 18, 1,419, 1,1113 (1985) .

3 . M.R . Garey and D .S . Johnson, Computers and Intractability : A Guide to
the Theory of NP-Completeness (Freeman, San Francisco, 1979) .

4 . S . Kirkpatrick, C .D . Gelatt Jr., and M.P . Vecchi, Science 220, 671 (1983) .

5 . G.H. Sasaki and B . Hajek, J . Assoc . Comput. Machin . 35, 387 (1988) .

6 . R . Car and M. Parrinello, Phys . Rev . Lett . 55, 2471 (1985) [bulk Si] ;
R. Car and M . Parrinello, Phys. Rev. Lett . 60, 204 (1988) [amorphous
and liquid Si] ; R. Car, M. Parrinello, and W. Andreoni, in Microclusters :
Proc. 1st NEC Symposium on Fundamental Approaches to New Material
Phases, Tokyo, 1986, ed. S. Sugano, Y. Nishina and S. Ohnishi (Springer,
Berlin, 1987), p. 134 [small Si clusters] ; P . Ballone, W. Andreoni, R. Car
and M . Parrinello, Phys. Rev. Lett . 60, 271 (1988) [Si clusters] .

7 . Applications are described in U. von Barth and A.R . Williams, in Theory
of the Inhomogeneous Electron Gas, Eds. S . Lundqvist and N.H . March,
(Plenum, New York, 1983) .

8 . For a review, see R.O. Jones and 0. Gunnarsson, Rev . Mod. Phys . 61,
689 (1989)

9 . F .H . Stillinger, T .A . Weber, and R.A . LaViolette, J . Chem . Phys . 85,
6460 (1986); F .H . Stillinger and T .A . Weber, J . Phys . Chem . 91, 4899
(1987) .

10 . For a discussion of 03, S02, SOS and S3, see R.O . Jones, Adv. Chem.
Phys . 67, 413 (1987), and references therein .

11 . M . Springborg and R.O . Jones, Phys . Rev . Lett . 57, 1145 (1986) ; J .
Chem . Phys . 88, 2652 (1988) .

12 . J . Donohue, The Structures of the Elements (Wiley, New York, 1974),
Chap. 9 .



13. R. Steudel, in : Studies in Inorganic Chemistry, Vol . 5, A. Müller and B .
Krebs, Eds . (Elsevier, Amsterdam, 1984), p. 3 ; R. Steudel, Nova Acta
Leopoldina 59, 931 (1985).

14 . T .P . Martin, J. Chem. Phys. 81, 4427 (1984) .

15 . R. Steudel, Z . anorg. allg . Chem . 478, 139 (1981) .

16 . N.C . Baird, J. Comput . Chem . 5, 35 (1984) .

17 . K . Jug and R. Iffert, J . Comput . Chem . 7, 1004 (1987) .

18 .

	

R. Steudel and E.-M . Strauss, Adv . Inorg . Chem . Radiochem . 28 (1984)
135 [selenium] .

19 . G . Lucovsky, in The Physics of Selenium and Tellurium, edited by E . Ger-
lach and P. Grosse, (Springer, New York, 1979), p. 178 .

20 . Y. Miyamoto, Jpn. J . Appl. Phys. 19 (1980) 1813 .

21 . P . Cherin and P. Unger, Acta Crystallogr . B 28 (1972) 31 .

22 . J . Berkowitz and W.A. Chupka, J . Chem. Phys . 45 (1966) 4289 ; A.
Hoareau, J .-M . Reymond, B. Cabaud, and R. Uzan, J. Physique 36 (1975)
737, and references therein .

23 . R . Viswanathan, M. Saibaba, D .D .A . Raj, R. Balas ubramanian, and C .K .
Mathews, in : Adv . in Mass Spectrometry, Part B, ed. J .F . Todd (Wiley,
Chichester, 1986) p . 1087 .

24 . See for example : A . Haas and E. Peach, Z. Anorg . Allg . Chem . 338
(1965) 299 .

25 . T . Zincke and S. Lenhardt, Justus Liebigs Ann. Chem. 400 (1913) 1 ;
T . Zincke and F. Farr, Justus Liebigs Ann . Chem . 391 (1912) 55; N . Kha-
rash, S .J . Potempa, and H .L. Wehrmeister, Chem. Rev. 1947 327; N. Kha-
rash, W. King, and T .C . Bruice, J . Amer . Chem . Soc . 77 (1955) 931 .

26 . S . Oae and S . Kawamura, Ann. Rept. Radiation Center Osaka Prefect . 2
(1961) 120 .

27 . R. Cooper and J .V . Culka, J . Inorg . Nucl . Chem . 29, 1217 (1967) .



28. M. Schmidt and E. Wilhelm, Z . Naturforsch . 25 B, 1348 (1970).

29 . R. Steudel and R. Laitinen, Topics in Current Chemistry 102 (1982) 177 .

30 . H. Bitterer (Ed.), Selenium : Gmelin Handbuch der Anorganischen Chemie,

8. Aufl., Ergänzungsband B2 (Springer, Berlin 1984) ; H . K. Kugler (Ed.),
Selenium: Gmelin Handbuch der Anorganischen Chemie, 8 . Aufl., Ergän-
zungsband A2 (Springer, Berlin 1980) and references therein .

31 . R. Steudel, and E.-M . Strauss in The Chemistry of Inorganic Homo- and

Heterocycles, Vol . 2, Academic: London, 1987, p. 769 .

32 . R. Laitinen, L . Niinist6, and R. Steudel, Acta Chem. Scand. A 33, 737
(1979) .

33 . H .H . Eysel and S . Sunder, Inorg . Chem . 79, 2626 (1979) .

34 . L.J . Sham and W. Kohn, Phys. Rev. 145, A561 (1966) .

35 . S . Vosko, L . Wilk and M. Nusair, Can . J . Phys . 58, 1200 (1980) .

36 . M .L. Cohen, Science 234, 549 (1986) and references therein .

37 . J . Harris and R.O . Jones, Phys . Rev . Lett . 41, 191 (1978)

38. T . Starkloff and J .D. Joannopoulos, Phys. Rev. B 16 (1977) 5212 .

39 . D .R. Hamann, M . Sehliter, and C . Chiang, Phys . Rev. Lett . 43, 1494
(1979) .

40 . G .B . Bachelet, D.R. Hamann, and M . Schlüter, Phys. Rev . B 26, 4199
(1982) .

41 . J . Ihm, A . Zunger, and M .L. Cohen, J . Phys. C 12, 4409 (1979)

42 . I . Stich, R. Car, M . Parrinello and S. Baroni, Phys. Rev . B 39, 4997
(1989)

43 . L . Kleinman and D .M . Bylander, Phys. Rev . Lett . 48, 1425 (1982) .

44 . D .C . Allan and M.P. Teter, Phys . Rev . Lett . 59, 1136 (1987) .

45 . J .-P . Ryckaert, G . Cicotti, and H .J . Behrendsen, J. Comp . Phys. 23, 327
(1977) .

6 9



46. L . Verlet, Phys. Rev. 159, 2471 (1967) .

47 . F.H. Stillinger and A. Rahman, J . Chem . Phys. 57, 1281 (1972) .

48 . R . Gillert and M. Schefller (private communication) : These authors derived

a pseudopotential of identical type for O that decays faster in momentum

space . They obtain convergence of geometries and relative energies in Si

0 condensed matter systems for plane wave energies of - 30 Ry. Using

their potential parameters for O

acre = 4.07 a2re = 1.61 clre = 1 .1360 cre2

	

= _0.1360 ;

al = 4 .99 a2 = 6 .15 a3 = 7 .21 Cl = -1 .1374 C2 = 0 .2008

C3 = 0 .0584 C4 = 0.1253 C5 = 0 .0699 C6 = 0 .0153 (2=0) ;

al = 1 .05 a2 = 3.19 a3 = 4.22 Cl = 0 .5255 C2 = -0 .2293

C3 = 0.0149 C4 = 0 .0897 C5 = 0 .1298 C6 = 0.3884 (f=1)

yields geometries and energy differences for the minima of S70 in Fig . 10

that are virtually identical to those obtained with the sharper potential

in the original work. The S-0 distances agree within - 0.01 A and the

energy differences within - 0.001 eV. Thus, the plane wave basis set with

a cut-off energy of 45 Ry is sufficient to represent the rapidly varying pseu-

dopotential for O in S70 but the softer potential of Gillert and Scheffler

and a reduced basis set could be applied where appropriate .

49 . K .P. Huber and G . Herzberg, Molecular Spectra and Molecular Structure .

IV. Constants of Diatomic Molecules (Van Nostrand Reinhold, New York,

1974) .

50 . W.C. Swope, Y-P . Lee and H.F . Schaefer 111, J . Chem . Phys. 70, 947

(1979) .

51 . A .D . McLean, B . Liu and G .S . Chandler, J . Chem . Phys . 80, 5130 (1980) .

52 . R.P. Saxon and B . Liu, J . Chem. Phys. 73, 5174 (1980) .

53 . R.O . Jones, J . Chem . Phys . 84, 318 (1986).

54 . J .E . Rice, R.D . Amos, N.C . Handy, T.J . Lee and H .F . Schaefer 111, J .

Chem. Phys . 85, 963 (1986) .

55 . R . Ahlrichs (private communication) .

56 . N .R . Carlsen and H .F . Schaefer 111, Chem. Phys. Lett . 48, 390 (1977) .

7 0



57. W .L. Feng and O . Novaro, Int . J . Quantum Chem. 26, 521 (1984) .

58 . J . Steidel, J . Pickardt, and R. Steudel, Z . Naturforsch . 33 b, 1554 (1978) .

59 . R . Steudel, J. Steidel, J . Pickardt, F. Schuster, and R. Reinhardt, Z. Natur-
forsch . 35 b, 1378 (1980) .

60 . P . Coppens, Y.W. Yang, R.H . Blessing, W.F. Cooper, and F .K . Larsen, J .
Am. Chem . Soc. 99, 760 (1977).

61 . W. Rosinger, M. Grade, and W. Hirschwald, Ber . Bunseges . Phys . Chem.
87, 536 (1983), and references therein .

62 . B. Meyer and K. Spitzer, J . Phys. Chem. 76, 2274 (1972) .

63 . P . Lenain, E. Picquenard, J.L. Lesne, and J. Corset, J . Mol. Struct . 142,
355 (1986) .

64 . H.L . Casal and J.C . Scaiano, J. Photochem . 30, 253 (1985) .

65 . K. Tamura, H .P . Seyer, and F . Hensel, Ber . Bunsenges . Phys . Chem. 90,
581 (1986) .

66 . B . Meyer and T. Stroyer-Hansen, J. Phys. Chem. 76, 3968 (1972)

67 . J . Berkowitz and J .R . Marquart, J. Chem . Phys . 39, 275 (1963) ; J . Drowart,
P. Goldfinger, D . Detry, H. Rickert, and H . Keller, Adv. Mass Spectrom .
4, 499 (1968) .

68 . A.E. Foti, V.H. Smith Jr, and D .R. Salahub, Chem. Phys . Lett . 57, 33
(1978) ; D .R . Salahub, A .E . Foti, and V.H . Smith Jr, J . Am. Chem . Soc .
100, 7847 (1978) .

69 . J . Kao, Inorg . Chein . 16, 2085 (1977) .

70 . M .J .S . Dewar and M . McKee, J. Comput. Chem. 4, 84 (1983) .

71 . E.T. Seidl and H .F . Schaefer III, J . Chem. Phys. 88, 7043 (1988).

72 . S .C . Abrahams and J .L . Bernstein, Acta Crystallogr . B 25 (1969) 236.

73 . B . Beagley, G .H. Eckersley, D.P . Brown, and D . Tomlinson, Trans . Fara-
day Soc . 65 (1969) 2300 .



74 . For a discussion of the origin and magnitude of the errors in DF calculations
with the LSD approximation, see 0 . Gunnarsson and R.O. Jones, Phys .
Rev. B 31, 7588 (1985).

75 . E.-M . Strauss and R. Steudel, Z. Naturforsch . 42 b, 682 (1987) .

76 . W. Genz and P.W. Schenk, Z. anorg. allg . Chem . 379, 300 (1970) .

77 . J . Kao, Inorg . Chem. 16, 3347 (1977) .

78 . Z.S . Hermann and K. Weiss, Inorg . Chem . 14, 1592 (1977) .

79 . R.C . Burns, M .J . Collins, S.M. Eicher, R.J . Gillespie and J .F. Sawyer,
Inorg . Chem . 27, 1809 (1988) and references therein .

80 . R.J . Gillespie, W. Luk, E . Maharajh, and D .R. Slim, Inorg . Chem . 16
(1977) 892 .

81 . R . Steudel, M. Papavassiliou, E.M . Strauss, and R. Laitinen, Angew . Chem.
98, 81 (1986) .

82 . R . Steudel, M. Papavassiliou, and D . Jensen, Z. Naturforsch . 43 b, 245
(1988).

83 . G .L . Carlson and L.G . Pedersen, J . Chem. Phys. 62, 963 (1975).

84 . R. Steudel and H.-J . Miiusle, Z . Naturforsch . 33 a, 951 (1978) .

85 . G. Gautier and M. Debeau, Spectrochim . Acta 32 a, 1007 (1976) .

86 . D .W. Scott, J.P . McCullough, and F.H . Kruse, J. Mol . Spectr . 13, 313
(1964) .

87 . This is observed as weak absorption in the Raman spectrum of solid ~-Sg
and attributed to a bl mode which is Raman- and IR-inactive under D4d.

88 . R . Boschi and W. Schmidt, Inorg . Nucl . Chem . Lett . 9, 643 (1973) .

89 . R . Steudel, T . Sandow, and J. Steidel, Z . Naturforsch . 40 b, 594 (1985) .

90 . R . Steudel, G. Holdt, T. G6bel, and W. Hazeu, Angew. Chem . 99, 143
(1987) .

91 . R . Steudel, R. Strauss, and L . Koch, Angew. Chem . 97, 81 (1985) .

72



92. R. Steudel, J . Steidel, and R. Reinhardt, Z. Naturforsch . 38 b, 1548 (1983).

93 . R. Steudel, J . Steidel, and T. Sandow, Z. Naturforsch . 41 b, 958 (1986) .

94 . J . Steidel, R. Steudel, and A. Kutoglu, Z. anorg . allg . Chem . 476, 171
(1981) .

95 . K .C. Mills, Thermodynamic Data for Inorganic Sulphides, Selenides and
Tellurides, (Butterworths, London, 1974), p. 85 ff.

96 . R. Steudel, Angew. Chem . 87, 683 (1975) [Angew. Chem . Int . Edit .
Engl . 14, 655 (1975)] ; Z . Naturforsch . 38 b, 543 (1983) .

97 . R. Steudel, T. Sandow, and R. Reinhardt, Angew. Chem. 89, 757 (1983)
[Angew . Chem . Int . Edit . Engl . 16, 716 (1983)] .

98 . L . Pauling, Proc . Nat. Acad . Sci . U .S.A . 35, 495 (1949) .

99 . A .D . Mistriotis, N . Flytzanis, and S .C . Farantos, to be published .

100 . F . Tuinstra, Structural Aspects of the Allotropy of Sulphur and Other
Divalent Elements, (Waltman, Delft, 1967) .

101 . H. Schn6ckel, H.-J . Göcke, and R. Elsper, Z. anorg . allg . Chem., 494, 78
(1982) .

102 . B. Meyer and K . Spitzer, J . Phys . Chem. 76 (1972) 2274 .

103 . R . Steudel (private communication) .

104 . G . Herzberg, Electronic Structure and Electronic Spectra of Polyatomic
Molecules ; Van Nostrand : Princeton, 1969 .

105 . For a discussion of the relationship between core size, valence eigenfunc-
tions and bond strengths, see J . Harris and R.O . Jones Phys . Rev. A 19
(1979) 1813 .

106 . R.O . Jones J . Chem. Phys. 82 (1985) 325 .

107 . R. Laitinen, N. Rautenberg, J . Steidel, and R. Steudel, Z . Anorg. Allg . Chem .
486, 116 (1982) .

108 . D .M Giolando, M. Papavassiliou, J . Pickardt, T.B . Rauchfuss, and R. Steu-
del, anorg . Chem . 27, 2596 (1988).

73



109 . R. Steudel and E.M. Strauss, Angew. Chem. 96, 356 (1984) .

110 . R. Laitinen, R. Steudel, and E.M. Strauss, J . Chem . Soc. Dalton Trans.
1985, 1869 .

111 . R.S . Laitinen and T.P. Pakkanen, Inorg . Chem . 26 (1987) 2598 .

112 . R. Steudel, M . Papavassiliou, D. Jensen, and K. Seppelt, Z. Naturforsch .
43 B, 245 (1988) .

113 . R. Laitinen and T. Pakkanen, J . Mol. Struct . (Theochem) 91, 337 (1983) ;
124, 293 (1985) .

114 . T . Maekawa, T . Yokokawa, and K. Niwa, Bull . Chem . Soc. Japan 46, 761
(1973) .

115 . J . Drowart and S. Smoes, J . Chem. Soc., Faraday Trans . 11 73, 1755 (1977) .
In line with these authors, we adopt the third-law value of the reaction
enthalpy. The second law value is somewhat smaller (5.4 f 2.9 kJ mol-1 ) .

116 . R. Steudel, Angew. Chem . 87, 683 (1975) ; Z . Naturforsch . 38 b, 543
(1983) .

117 . L .V . Woodcock, Chem. Phys. Lett . 10 (1971) 257 .

118 . A.M. Rappe, K .M. Rabe, E. Kaxiras, and J .D . Joannopoulos, to be pub-
lished . These authors point out that the total energy convergence in a
pseudopotential plane wave solid-state calculation is closely related to the
decay rate of the atomic pseudo-wavefunction in Fourier space .

119 . B .J . Alder and D .M . Ceperley, Science 236, 945 (1987) and references
therein .

120 . J .L . Martins and M.L . Cohen, Phys . Rev . B 37, 6134 (1988) .

121 . A . Nobile and V . Roberto, Comput . Phys . Commun. 40, 189 (l986) ;
A . Nobile and V . Roberto, Comput . Phys. Commun . 42, 233 (1986) .

122 . E.O . Brigham, The Fast Fourier Transform, (Prentice-Hall, Englewood
Cliffs N .J ., 1974) .






