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Density functional and Monte Carlo studies of sulfur.
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Density functional calculations have been performed for ring isomers of sulfur with up to 18 atoms,
and for chains with up to ten atoms. There are many isomers of both types, and the calculations
predict the existence of new forms. Larger rings and chains are very flexible, with numerous local
energy minima. Apart from a small, but consistent overestimate in the bond lengths, the results
reproduce experimental structures where known. Calculations are also performed on the energy
surfaces of §rings, on the interaction between a pair of such rings, and the reaction between one
Sg ring and the triplet diradical gSchain. The results for potential energies, vibrational frequencies,
and reaction mechanisms in sulfur rings and chains provide essential ingredients for Monte Carlo
simulations of the liquid—liquid phase transition. The results of these simulations will be presented
in Part Il. © 2003 American Institute of Physic§DOI: 10.1063/1.1568081

I. INTRODUCTION tron scattering studies indicate that simple models involving
dSS rings and freely rotating chains could not describe the
measurements abownd below the temperature of the tran-
sition, the origin of which was described as percolation
rather than polymerizatiol.

We showed recently that a Monte Carlo and molecular

Sulfur is the element with the largest number of soli
allotropest~3 In addition to those comprising cyclic mol-
ecules (=6-14, 18, 20 and §S,), there are two poly-
meric forms, S. Theoretical studies include those on neutral
molecules up to=13 by Hohlet al* [using a combination i g IV '
of density functional(DF) calculations with molecular dy- dynamics calculations for a simplified model could describe
namics(MD)] and Raghavachasit al® [using Hartree—Fock ~Ccatalyst-induced ROFor “living polymer|zat|on”)2|£1 cyclic
calculations with fourth-order Mgller—Plesg@tP4) correc-  ©ligomers of bisphenol A polycarbonatBPA-PO.™ Exten-
tions]. Cations $ were detected up to=56 some years SIONS of the model to incorporate multiple active siteand
ago® and anions S have been studied many times. For ex- multifunctional sited! showed that polymerization can occur
ample, anions up ta=9 were identified mass spectroscopi- in all cases, and multifunctional sites can lead to branching
cally, and comparison of the measured vertical detachmer@nd gel formation. Similarities between “living polymers”
energies with calculate(DF) values showed that both rings and the phase transition in sulfur have been noted
and chain isomers could be identified for6, 77 The past  Previously® In both cases, polymerization proceeds by re-
2 years have seen considerable attention devoted to theor@iacing covalent bonds with others that are equivalent, so

ical studies of isolated neutral and charged sulfur moleculeghat there is very little change in enthalpy. There is also little
S, forn=3-1385;,-5,,° $-S55.1° S, S5, "t S-S,12  change in vibrational entropy, and it is natural to ask whether

S ,Pand .M our model for polymerization in polycarbonate can be ex-
The constitution ofliquid sulfur has also been the sub- tended to the liquid sulfur. In order to determine appropriate
ject of much experimental and theoretical investigation forparameters for such a study and to understand better the en-
many years. Above the melting point (113 °C) sulfur is be-ergetics of ring formation in sulfur, we have carried out an
lieved to be comprised mainly ofsSings with small con- extensive series of density functiondF) calculations on
centrations of homocyclic rings with up to 23 atofmsAt isomers of § for n=2-18, as well as DF calculations with
159 °C, there are dramatic changes in viscosity, specific heasjmulated annealing for gSrings and related structures. A
and other properties, and this liquid—liquid phase transitiorforthcoming papefPart 1) will discuss Monte Carlo simu-
is often interpreted as a ring-opening polymerizaf®0OP lations of the ring-opening polymerization of sulfur rings.
of the S rings. Its apparent simplicity has made it the subject  In Sec. Il we outline necessary details of the methods we
of experimental measureméfit'® and theoretical model use, in Sec. Ill we present the results for the structures and
calculations;?~?8but debate continues about the nature of therelative energies for isomers of different Bngs and chains
transition and the molecules taking part. In particular, neuand discuss the trends observed. In Sec. IVA we present
results for the energy surfaces of ngs, and in Sec. IVB

dputhor to whom correspondence should be addressed. Electronic mailV€ discuss the energy changes occurring when tHVdr_@S
rjones@fz-juelich.de approach each other, as well as the changes wheg ands
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interacts with a helical diradicdtriplet) Sg chain. We sum-

marize and conclude in Sec. V. /\

IIl. METHODS OF CALCULATION 1

The structures and relative energies presented below
were determined using all-electron DF calculations with an =&
extended one-electron basis of contracted Gaussian-type
orbitals® The results described adopted a triple-zeta valence
type basis with al-type polarization functiof* with the Al
auxiliary basi$® to represent the density and exchange- 4a
correlation potential. Calculations were performed with the
gradient-corrected approximation to the exchange-
correlation energy of Perdew and Watidviany of the larger
ring structures are extremely flexible and correspond to shal- /
low minima in the energy surface with low-frequency vibra- )
tion modes. In such cases the tolerance on the energy gradi- 1
ent has been reduced from =X@0“4 to 1.0 4c
X 10~ 4 Hartree/Bohr.

For starting geometries we have used structures,of S

€

molecules found in earlier calculatidhssing a combination 1A

of DF calculations with simulated annealifigD/DF).3® The 2 ==

same method has been used to generate additional structures,

particularly those found by modifying known forms by ro- 5p 5¢c
tating and translating structural groups. The MD/DF calcula- 1

tions use periodic boundary conditions witlisample cubig FIG. 1. Structures of isomers 0§SS,, and §.

unit cell with lattice constant 11.64 A, a plane wave basis set

with a single point k=0) in the Brillouin zone, and an

energy cutoff of 30 Hartree. The electron—ion interaction isthan 2.40 A, 15% longer than the standard single bond length
described by the nonlocal pseudopotential of Troullier ancBnd close to the minimum in the pair correlation function of
Martins®” and there is a very good correspondence betweehquid sulfur between the first peak for covalently bonded

the structures and relative energies found using the tw@airs and the second peak for nonbonded pdifor some

methods. All energies given below refer to all-electron cal-Smaller molecules we have adopted a cutoff distance of 2.8

culations. A, and we show some weak “bonds,” e.g., the longer bonds
The most stable state of a sulfur ring is generally a sinin the isomerta of S, and6c of S5. The isomer labelsm

glet, but the incorporation of spin is often essential. Aimostreflect the number of atoms and the energy ordering,

all chain structures are more stable as triplet states, with th&hich is alphabetic witha the most stable. Atom labels are

unpaired electrons localized on the terminal atoms or groupgyclic unless shown otherwise. The numbers of both ring and

This is similar to the situation found previously in sulfur chain isomers increase dramatically with increasmgror

anions’ and we discuss the parallels below. Higher spinn<10 we focus on rings and on the patterns of the chain

states were also calculated if required by symmetry or if thestructures. Fon>10 we discuss ring structures alone.

spin-free calculations led to a small gap between the highest

occupied(HOMO) and lowest unoccupied UMO) molecu-  A. Sulfur rings and chains: Structure and energies

lar orbitals. Relationships between the structures of singley S,-Ss

and triplet states will also be discussed. .
The structures of the most stable isomers of these mol-

ecules are shown in Fig. 1, and bond lengths and angles are
given in Table I. In the dimer Sthe calculated values {
=1.94 A, 0,=665 cm ') agree reasonably well with ex-
In this section we discuss the structures and bindingerimental value1.89 A, 726 cm?).®® Direct measure-
trends in sulfur molecules with up to 18 atoms, as well asments of the structures 0SS, and § have not yet been
other results obtained using the all-electron, Gaussian basgerformed. The structure of the most stable isomer;df38)
calculations. Instead of proving tables of structural paramis in good agreement with the results of Refs. 5 and 8. The
eters for over 60 different isomers, we provide supplemencalculated vibration frequenci€g49, 548, 619 cm?) are in
tary informatiori® covering atomic coordinates and energiesreasonable agreement with the measured valRg6, 575,
of all structures, and the vibration frequencies and infrared56 cm 1).*° The equilateral triangular structur@b) lies
activities of most. Parameters of particular interest will be10.4 kcal/mol higher in energy.
discussed below. The most stable form of the tetraméta) is a (S),
The calculated structures are shown in Figs. 1-7“dimer” with D,, symmetry. Several calculatidh®114!
“Bonds” are generally shown for atomic separations lesshave predicted that &€,, structure lies slightly lower, but

Ill. SULFUR RINGS AND CHAINS (ALL-ELECTRON
CALCULATIONS)
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TABLE |. Bond lengths(A) and anglegdeg for S, n=2-5. 1 1
Structure, symmetry Parameters /
2(a) ri,=1.94
3(a C,, singlet r,=1.97, a153=118.3
3(b) D3, singlet r1,=2.12, a,5=60.0
3(c) C,, triplet r1,=2.04, a1,5=90.5
4(a) Dy, singlet ri,=1.93,r,5,=2.61
4(b) CZh Singlet l1= 1.96, r23:2.19, 193~ 111.4
4(c) C,, triplet r1,=1.94,1,3=2.70, a1,5=94.0
4(d) C,, triplet r1,=1.96,1,3=2.37, a;,3=107.1
5(a) C, singlet r1,=2.16,r,3=2.05,r3,=2.29, a1,3=101.3,
@y3,=100.1, a5,,=88.4
5(b) C, singlet r1,=2.17,1,3=2.06,r3,=2.21, a1,3=103.6,
rp34=93.6, arsy,=99.7
5(C) Cz t”plet l1= 198, 3= 217, 193~ 1133, Qa123= 109.3

this isomer reverts to thB,, structure in the present work. A
singlet C,,, isomer (4b) is 7.6 kcal/mol highernthe corre-
sponding triplet is 5.2 kcal/mol above thisand theC,,
triplet (4¢) is essentially degenerate widib. A “roof” struc-

ture Do, r1,=2.17 A, a,,;=84.8°, dihedral angley;,
=33.4°) lies 26.8 kcal/mol abovéa. Infrared spectra of S
isolated in an argon matrix show peaks at 642.4 and
661.6 cm !, which were assigned to two different open-
chain S isomers®? The vibration frequencies calculated here FIG. 2. Structures of isomers 0§SS;, and $.
for 4b structures are significantly lower than the measured

values, while the values fofc (triplet) agree better with . ] ] )
experiment than those d@fa. fur anions! Finally, the terminal S—S bonds in open chain

Most previous calculations forsSindicate that theC structures are shorter and have higher v_ibrat?on frequenc_ies
(58) and C, (5b) structures are almost degenerate, with thethan (_)ther bonds. As a gegeral rL_JIe, the V|brat|_on frequencies
former lying slightly lower in energy. In fact, molecular dy- ©f S rings are below 500 cnt, whﬂe_'ihe stretching frequen-
namics(MD-DF) simulationé showed that the energy barrier Ci€S Of terminal bonds are600 cm .
between them was so low that interconversion between them
could be observed. The present calculations and those of Ref: S6—Ss

8 find a small imaginary vibration frequency &b, indicat- Some low-lying isomers of S S;, and § are shown in
ing that it is a transition state. The chain structdelies  Fig. 2. TheD 54 structure of § (6a) occurs in the crystalline
higher in energy, as found in previous calculatiofis. samples and is the most stable in all calculations. The present

The most detailed calculations on these molecules give atructure ¢,,=2.12 A, a,;=103.1°, y,,=73.0°) and the
consistent picture of the structures and their relative energiegnergy differencé€l1.3 kcal/mo) betweer6a and6b isomers
although there are differences that reflect the different methare in excellent agreement with B3LYP calculatidh$? al-
ods and basis sets used. These are greatest in structures wiltbugh the bond lengths in both are 2.5% longer than the
low-frequency vibration modes, particularly those subject tomeasured valué2.068 A).** A six-atom segment of a regular
pseudorotation. In isomeba, for example, hybrid-DF (all-trans) helical chain is unstable against formation Gaf
(B3LYP) and second-order Mgller—Pless@P2) calcula- (C,, triplet). As in the case ofic, r,; is long (2.53 A), so
tions using the same bas{6-31G") (Ref. 12 showed a that the structure may be viewed as g)grimer.
scatter in bond lengths of up to 0.06 A, and similar differ- The most stable form of 374, C,) is the chair structure
ences can be found in the hybrid-DB3PW91 calculations  found in the crystalline form. The structural parameters are
of Petert® In most isomers, however, the differences in struc-very close to those found in B3LYP calculatiofis?and the
tural parameters are small, although the relative energies dfond lengths are again 1%—3% longer than those measured.
near-degenerate states can differ. Our emphasis in this workhe energy difference betweéta and the boat isomerb
is on more pronounced differences that are important for th€2.1 kcal/mo} is close to the B3LYP valu¢3.0 kcal/mo}.
interconversion and reaction of sulfur rings and chains. The C, chain isomef7cis a triplet, and it follows the pattern

Some general features of the results are already appareof almost planar terminal tetramers, with a long bomgs(
in these small systems. First, singlet rings are more stable2.29 A).
than triplet chains. Second, comparison of related singlet and The most stable isomer of;$ the “crown” (D,q, 83).
triplet structures, such &b and5c, shows that the latter are The structural parameters 6=2.11 A, a;,5=109.5°, y,,
more open or “chainlike.” The occupied molecular orbitals =97°) are again close to the B3LYP valu&s2 again with
with the highest energies are localized at the chain enddjond lengths 2.5% longer than the measured value in mono-
which stabilizes the chain in the same way as found for sulelinic S;.** Isomer8b (C,, single} was reported by Jones
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FIG. 3. Structures of isomers of and Sy.

13c

FIG. 4. Structures of isomers ofiS S;», and S;.

and Hohl?® and it lies 11.6 kcal/mol higher in energy than
8a. The atomg1,2,7,8 form a rectangle of sides 1.95 A and 4 Su—Sis
2.86 A, in good agreement with the B3LYP structures of  The form of S, found in single crystaf is shown in
Wong et al.** who find the energy differences betwega Fig. 4 (11a C,) and is the most stable form in these and
and8b to be 7.8 kcal/mol. In the triplet structure correspond-earlier calculationd®! The overall agreement between the
ing to 8, ry7 andr g increase to 4.40 A, and we have the calculations is very good, although the calculated bond
familiar pattern of two planar tetramers, now separated by gngths are 2%-3% longer than those measured. We have
bond of length 2.23 A. We return to other isomers @f S also found a secon@, form (11b) lying 6.2 kcal/mol higher
below. in energy. The main difference between these two structures
is the “motif” of dihedral angles. There are many chain
structures with higher energies.
The ring structure of § (123 D34) is one of the most
3. 595 stable sulfur molecules. The calculated structural parameters

_ _ (r1;=2.11 A, a153=109.2°, y,,=86.9°) show the familiar
The most stable isomer 05%9g, C;) was predicted by o erestimate of bond lengthgmeasured values:ry,
Hohl et al and found experimentally when the structure of _ 5 455 A, ayps=106.6°, y;,=88.0°) %8

a-Sy was determined by x-ray diffractidfi.The present cal- This feature is also found for,§ where the crystalline

culations over_estimate the bond lengths 2%, as in the form has aC, structure(13a with a range of bond lengths
systems mentioned above. o _1.978-2.113 A, bond angles from 104.6° to 112.0°, and di-
There are numerous open chain trlplgt st_ructuresgm Shedral angles 29.5° to 116.4%.The corresponding calcu-
and all larger systems. We show four fo§ @ Fig. 3 (9b— lated ranges are 2.06-2.17 A, 104.6°~112.0°, and
9e), and analogous structures will occur in all longer chains34_oo_108_4o_ We have found, however, two additional ring

The first three are almost degen_erate in eneflyis 24.3 structureg13b, 13¢) with different dihedral motifs and simi-
keal/mol aboveda) and show again the way that planar tet- |5 energies. In our calculations3bis essentially degenerate

ramer groups are favored. Isom@e with one planarC,, with 13a and13cis only 3.6 kcal/mol higher.
and oneC,, terminal groups, is 1.5 kcal/mol higher in en-

ergy than9d.
A very similar situation can be found in the isomers of 5. S1~S15
Sig- The ring structurg10a D,q) is more stable by 25.1 Low-lying isomers of these molecules are shown in Fig.

kcal/mol than the most stable chaibOb) with two C,, ter- 5. Cyclo-S;, has been prepared in crystalline form and its
minal groups. This in turn is 4.6 kcal/mol more stable thanstructural parameters determined by x-ray diffractidihis

the chain structure with twdC,;, terminal groups(10g.  structure(14a Cg) is also the most stable in the present
There are other chain structures intermediate in energy. calculations. The bond lengths lie in narrow ranges in both
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FIG. 5. Structures of isomers of Sand Ss.

the measurement2.047-2.061 A, average 2.053) And

9261

S, rings and chains

17c

FIG. 6. Structures of isomers ofgand S5.

The three isomers of;$ shown in Fig. 6 differ in the
pattern of dihedral angles. Isomg&rais the most stable of
the three17bis 3.1 kcal/mol higher in energy, arid’cis a
further 1.6 kcal/mol higher. These structures are very flexible
with low frequency vibration modes, and there will be nu-
merous other low-symmetry structures with similar energies.

calculations(2.107-2.115 A, average 2.110),Aas do the
bond angles (experiment, 104.0°-109.3°; calculated,
106.7°-111.1°). A secon€; structure(14b) is only 4.4
kcal/mol higher in energy, with &, structure(140 an ad-
ditional 1.1 kcal/mol higher.

Isomersl4aandl14b differ only in the orientation of one
triangular segment, and the most stable isomer found feor S
(154) is related to the latter by replacing one atom by a dimer
unit with dihedral angley;g=180°. Isomerl5bis related to
14ain the same way and lies only 0.2 kcal/mol abd¥a It
has one very small imaginary frequency, but extensive simu-
lated annealing calculations on bottha and 15b indicate
that both are stable minima. A third isomEsclies 2.7 kcal/
mol above 15a There are certainly many other low-
symmetry ring structures with different dihedral motifs and
similar energies.

6. 816_818

Two isomers of § (16a 16b in Fig. 6) have almost
equal energies. The forme€() has an obvious relationship
to 15aand lies less than 0.3 kcal/mol below the more sym-
metric 16b (D,q), Which is closely related td2a and has
been calculated by Pet¥.In our calculations all bond
lengths are 2.11 A, the bond angles centered on atoms in the
central plane are 111.4°, those centered on other atoms
106.8°, while the magnitude of the dihedral angles lies in a
narrow range between 97°—-99°.

Figure 7 shows five isomers of;§& which is the only

18a

18¢c

18e

FIG. 7. Structures of isomers of &
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32— T dral angles differ significantly, however, the magnitudes be-
ing 97°in §, 87°in S,, and 112.5° in §). This is another
30- | indication of the particular stability of structures with
~90°, which minimizes the repulsion between lone pair
electrons on adjacent atoms.
28 .
261 | C. Binding trends
=5 The structural trends found here for, $ings with n
SIE o4t ] <12 are consistent with the those found in previous
< studie$®>*and in experiment.Where experimental data are
w S available, we find bond lengths that are 2.5%—-3% longer
22r n i than the measured values. This is consistent with the results
of other DF calculations, with the exception of the recent
20+ . results of Petel® which agree very well with measured bond
lengths. The calculations of Pet®show that bond and di-
18 ‘ hedral angles are not too sensitive to the choice of basis set

| | | | | | | |

0 2 4 6 8 10 12 14 16 18 20 and functional form, but bond lengths are. The best results

were obtained with the 6-3B1G(3df) basis, i.e., a triple-

zeta basis with diffuse and polarization functions.

FIG. 8.' Cohesive energgbinding energy per atom, kcal/mobf the most For |arger molecu|es the number Of Stable ring isomers

stable isomer of Sfor n=2,18. increases rapidly with increasimg and the number of struc-
tures with similar energies means that those found in crystal-

sulfur molecule with two distinct structures determined from!In€ sulfur allotropes are not necessarily the most stable. For

350 The most stable isomer in the present example, the form of g with the calculated lowest energy is

x-ray diffraction: . .
calculationg18a C,;) is neither of these. It was obtained by Nt found in the crystalline forma-Syg or 5-Sig. In S5,
for which the structure is not known experimentally, we find

relaxing aC; structure found in crystallingg- or exo-Sg, ) . it with dihedral |
and is 0.2 kcal/mol more stable thd8b (C,y,). The latter two |som§ars containing a tetramer unit with dihedral angle
may be viewed as twoShelices joined by a pair of sym- near 180°. The most stable structures of Isave low sym-

metrically placed S atoms. Isom#8c(C,,), which is found metry, are very flexible, and have low-lying vibrational
in a- or endo-Ss, is an additional 2.2 kcal/mol higher in modes. There are certain to be other structures with similar

energy, andL8d is a further 4.5 kcal/mol higher in energy. energies. Ring structures have a strong preference to be sin-
18eand18f lie 6.4 and 8.0 kcal/mol, respectively, abaiga  Jlet states, and the HOMO-LUMO gaps are large and re-
Their structures are closely related, and it is interesting thaf*@/kably uniform ¢-50 kcal/mol). o

the more symmetric molecule18f, C,) is less stable. We _ 1he rapid increase in the number of chain isomers as
have observed this in clusters of other elements, and it is JICreases can be appreciated by examining the pattern of the
case where the constraints of a higher symmetry appear to [rans of the dihedral an_gléér.no_tlf ) in different structures.
energetically unfavorable. The main difference between th&!0S€d structures require distinct pattefssch as+ — + —

structures18a 18¢ and 18d is the orientation of the ex- + — T — in the “crown” (D,q) isomer of g], while open
tremal triangular units. structures can have many combinations+of —, and O,

since the beginning and the end of the chain need not coin-
cide. Chains are generally energetically less stable than rings,
but their configurational freedom and large number mean

The binding energies per atom of the most stable isomethat they can be observed in molecular beams ofifShe
calculated for $-S;g are shown in Fig. 8. The variation with time available is too short to allow annealing to ring
increasingn shows that even-numbered molecules are genstructures.
erally more stable than their odd-numbered, less symmetric The patterns found in Sstructures are also clear in the
neighbors, with §, S;», Si4, Sie, and Sgbeing particularly  present results. The reguléll-trans) helical structures are
stable. The calculations of Pet®showed similar trends in usually less stable than chains with a planar tetrafwéth
Ss to Sig, and it is striking how little the cohesive energy approximatelyC,, symmetry at one or both ends. The latter
varies forn>12. MP3 calculations of Raghavachatial®  occur in § , in the neutral tetramer, and in sections of the
also found that the cohesive energies @f éhd S, were longer chains. The calculations on the anfoinslicated that
isoenergetic within the accuracy of the calculations. The spehybrids of alltranschains with theC,, cis-planar unit are on
cial status of g and S, is also evident in the measured average~0.1 eV more stable than their dtians counter-
binding energies of rings found in liquid sulfts. parts.

While S and S, are energetically favored, the relative There are pronounced similarities between the trends in
weakness of the bonds ing3s no less striking. All bonds in  the anions and those found here in the neutral chains, which
Ss, Sio, and S, have the same lengt.11 A), and all bond  are triplet radicals in their most stable forms. The highest
angles are in a narrow range from 109° to 113°. The diheeccupied molecular orbitals in both cases are localized on the

n

B. Cohesive energies
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e

FIG. 10. Structures of Shomocycles for values of dihedral angjg,: (a)
—10°, (b) 30°, (c) 70°, (d) 110°, (e) 150°.
FIG. 9. Structures of shomocycles for values of dihedral angje,: (a)

97.3°, (b) 50°, (c) 0°, (d) —10°, (&) —60°, (f) —110°, (g) —160°. . . .
® ©0% @ © ® © D,q4 isomer and an gSchain radical. The focus of these cal-

culations differs from that of Ref. 12, which emphasized the
extremities of the chain. This minimizes in the anion the€nergy barriers between different conformers gf /e seek
electrostatic repulsion arising from the additional chargemore general information about the energy surface, including
The correlation between the lengths of bonds in sulfur chainghat far from extrema.
and the dihed_ral angl@d means that the almost planar units A. S, rings: Simulated annealing results
are characterized by unusually long bonds. We have noted
that the isomer of $with this structural unit at each eriélb) The interconversion of ring isomers of 8as been stud-

has been discussed recently by Wargal * ied here by performing a series of calculations witkiragle
constraint, the dihedral angle;, (97° in theD,4 isome).

The energy increases by 26.5 kcal/molys is lowered to
IV. ISOMERS OF Sg AND THEIR REACTIONS 0° [Fig. 9c)] and passes through a maximum at 28.2 kcal/
The octamer is the main component of liquid sulfur be-mol (y1,=—5°), before dropping rapidly to 11.5 kcal/mol
low 159°C® and it has received particular attention. Theat —10° [Fig. %(d)]. This structure is very flexible, and a
reaction limiting step is presumed to be the opening of thdurther decrease of;, of 100° [Fig. A(f)] causes very little
ring to a chain radica(“initiation” ), followed by the reac- €nergy change. Optimization of the structure without con-

tion of this radical with other ring$‘propagation”): straints leads to a minimum 9.8 kcal/m@ll-electron valug
. g above theD,4 form (y,,=—29°). The energy then rises
cyclo-§—chain-§(+nSg) — Sy, - @) slowly to Fig. 9c¢), which has approximatelg,, symmetry.

The reaction enthalpy for this process has been estimated by The dihedral angle in structure(d can also bein-
ESR measurements above 550° to be 36.4 kcalflnahd creasedwith little change in energy, and we show a different
static magnetic susceptibility measurements up to 600° giveerspective in Fig. 10. The energy of Fig.(dDis essentially
a value of 34.9 kcal/mol® The enthalpies of the initiation the same as in Fig. 18, and it is only fory;,>120° that
and propagation reactions have been estimated by Tobolsi{e energy changes significantly. This picture is similar to
and Eisenber to be 32.8 and 3.17 kcal/mol, respectively. that found in recent work? where the most stablB 4 struc-
The interest in liquid sulfur, particularly the phase tran-ture is separated from other low-lying ring structures by a
sition at 159 °C, has motivated extensive studies of the isobarrier of ~25 kcal/mol. Several of these structures are ca-
mers of the octamer. These include a characterization of affable of pseudorotation.
isomers of § and their interconversiotf, as well as a study
of nine isomers? In this section we describe calculations
involving structures related to thB,q isomer as well as We have performed all-electron calculations of the en-
reactions between a pair of these isomers and between tleegy change as twogSings (D44, Single) approach each

B. Reaction of pairs of S g units

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9264 J. Chem. Phys., Vol. 118, No. 20, 22 May 2003 R. O. Jones and P. Ballone

the lowest crossing point between two energy valleys yields
an upper bound to the activation ener(}y, DF estimates of
transition state energies are generally less reliable than those
involving stable minima.

The cohesive energy of,,Sings varies only weakly for
all but the smallest values of. The spin density in both the
Sg chain and the reaction product (IiLis located on the
terminal atoms, and neither the total spin degeneracy nor the
number of bonds changes during the reaction. The initial and
final energies should then be very similar. These are all fea-
tures of the model we adopted to study equilibrium polymer-
ization in BPA-PC, indicating that the model is appropriate
to study the phase change in liquid sulfur.

V. CONCLUDING REMARKS

We have performed a study of sulfur rings with up to 18
atoms and chains of up to 10 atoms, focusing on trends in the
geometries and energy differences. The numbers of both ring
and chain isomers increase rapidly with increasin@nd—
with the exception of an almost uniform overestimate of
bond lengths of 2%—3%—the geometries of the former agree
well with x-ray diffraction studies of molecular crystals
where available. Trends in the cohesive energies and struc-

/ " tures have been discussed in Secs. [IlA7 and Il A8, respec-

e i e tively. Studies of the energy surfaces of §how that there
\,/lj are several large regions of configuration space where the
energy changes very little. We have also studied the repulsive

interaction between two gS(singled rings, as well as the
/ AN energy changes occurring when ap t8plet diradical ap-
f r"/\\//j proaches anging. The ring opens in the latter case, leading
| to a diradical chain of 16 atoms. This process is the same as

that shown in Eq(1), and the calculated energy barrier is at
most 5.4 kcal/mol.

FIG. 11. Reactions ofa)—(b) two S; (D4g) rings, (d)—(f) an S chain One aim of the present calculations was to provide in-
(triplet) with an S ring (D,q4). The shortest distances between the units areformation for a further study of the liquid—liquid phase tran-
(@253 A,(b) 2.32A,(c) 258 A, (d) 2.38 A, (¢) 2.28 A, (1) 213 A. sition in sulfur at 159 °C. The structural patterns found are

remarkably consistent: Structural groups are readily transfer-

able between molecules, there is a relatively narrow range of
other. The only constraint is the separation between one atotvond angles, and there is a well-known relationship between
on each ring. The interaction is repulsive, as expected, anthe length of a bond in a chain or ring and the corresponding
we show in Fig. 11 the structures for separationgapf2.53  dihedral angle. Triplet states of chains are more stable and
A and(b) 2.32 A. The latter is 8.3 kcal/mol higher in energy, more open than their single counterparts. The most stable
and the energy continues to increase as the separation is m@hains are terminated by an almost planar tetramer, a feature
duced. found previously in sulfur anionsWe note that this planar

The same calculations have been performed for the instructural unit with a dihedral angle of 180° is associated

teraction between angSriplet diradical chain and th®,y  with unusually long and weak bonds. The observation of
isomer. There are numerous chains isomers analogous tbmer elimination from sulfur chaifidis consistent with this
those of g in Fig. 3, and we have chosen a helix with the feature.
planar tetramer at one end. The spin configuration is con- Trends in the vibration frequenciégrovided as supple-
strained to be a triplet throughout. The reaction proceeds in mentary informatioit® are also quite consistent: The ring
dramatic fashion, as shown in Figs.(&111(f). A bond in  structures have maximum frequencies that are typically be-
the “crown” increases in length as the diradical approacheslow 500 cm !, while terminal groups of chains have fre-
and a bond forms between the chain and an atom of thquencies above 600 crh. Integrated properties, such as the
original ring. The result is an entity referred to by Stillinger zero point energies per atom, are remarkably transferable.
et al?® as a “tadpole.” There is an energy barrier of 5.4 Our previous model calculation designed to describe
kcal/mol at a separation of 2.4 A, after which the energy rings and chains in polycarbonate showed that polymeriza-
drops to a value 1.9 kcal/mol above that found for largetion can occur even if neither potential energy nor vibrational
separation of the reactants. Our estimate of the barrier isntropy increases significantly. The driving force for this
subject to two sources of uncertainf@ The computation of phase transformation and for gelation, which can occur in the
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