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ABSTRACT: Semi-empirical potential energy functions were used to calculate the confor
mational energies of several alkylene sulfide polymers of structure [S(CH2 )y]. The polymers chosen 
were those for which crystalline-state configurations were known, specifically those having y= I, 2, 
3, and 5, respectively. The configurations of minimum conformational energy were generally found 
to correspond to the crystalline-state configurations. The only exceptions occurred for 
conformational-energy differences close to zero, which is to be expected since in these cases even 
small differences in intermolecular packing energies could obviously play an important role. Some 
preliminary comments are also made on the here-to-fore unstudied polysulfides corresponding to 
y=4, 6, and higher. Comparisons with the corresponding polyoxides [O(CH2 )y] help elucidate the 
effect of the size of the hetero-atom X (S or 0), its effective charge, the C-X bond length, and the C
X-C bond angle. The most important difference between the polysulfides and polyoxides appears to 
be the fact that the C-S bond is considerably longer than the C-0 bond. 
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An understanding of the configurations of a 
polymer molecule requires a knowledge of the 
relative energies of the conformational states ac
cessible to the skeletal bonds of the chain.1 

Experimental values of these energies may be 
obtained from either spectroscopic studies of model 
compounds, or by comparisons between theoretical 
and experimental values of some configuration
dependent properties of the polymer, usually in the 
random-coil state in solution. An alternative meth
od involves the calculation of these energies from 
the various interatomic separations in the confor
mations of interest using standard semi-empirical 
potential-energy functions. Both approaches pro
vide a bonus in that they identify the configuration 
of minimum (intramolecular) energy. This is of 
considerable interpretive and predictive value, since 
the minimum energy configuration is almost in-

variably the one adopted by the chain in the 
crystalline state.1- 3 

* Presented in part at the IUPAC International 
Symposium on Macromolecules, Florence, September 7-
12, 1980. 

The present study focuses on calculations of 
conformational energies of four alkylene sulfide 
polymers, the crystalline-state configurations of 
which are known from X-ray diffraction ana
lyses.4-7 Comparisons are carried out between 
minimum energy conformations and crystalline
state configurations for each of these polysul
fides,4-9 with some comparisons to the correspond
ing information on the analogous poly
oxides1·8·10 -zo as well. 

THEORY 

Structural Information 
Appropriate values of the bond lengths, bond 

angles (}, and partial charges q were obtained from 
studies of structurally related small mo
lecules.8·9·21·22 Bond lengths for C-S, C-C, and C
H bonds are 1.815, 1.53, and 1.09 A, respectively. 
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The very important C-S skeletal bond is thus seen 
to have a length approximately 27% greater than 
that (1.43 A)1 •10•23 ·24 of the corresponding C-0 
bond in the polyoxides. Values of the C-S-C, C-C
S, C-C-C, and C-C-H bond angles are 100, 114, 
111.5, and 11 oo, respectively. The C-S-C bond 
angle is thus approximately 12o smaller than the 
corresponding C-0-C bond angle (111.5°) in a 
typical polyoxide. 1 •10•23 ·24 There does not seem to be 
a reliable value for the bond angle S-C-S. It is 
probably reasonable to assume4 that it has a value 
very close to that of C-C-S, as the angle 0-C-0 
(112.0°) has to that of C-C-0 (111.S0). 10 It was 
therefore tentatively assigned the value 114° in the 
present investigation. 

The CH2-S bond dipole moment is 1.21 D,8 •9 •22 

and this value, in conjunction with the C-S bond 
length, indicates (i) a partial charge corresponding 
to -0.28 (of the electron charge) for an S atom, and 
+0.28 for a CH2 group between twoS atoms, and 
(ii) +0. 14 for a CH2 group between an S atom and 
another CH2 group. The CH2-0 bond dipole 
moment is somewhat smaller (1.07 D), 8 •10•22 - 24 but 
the significantly smaller C-0 bond length makes the 
corresponding partial charges slightly larger 
(-0.31, +0.31, and +0.155, respectively). 

Calculation of Conformational Energies 
The energy of a given conformation of any of the 

polysulfide chains was taken to be the sum of van 
der Waals, torsional, and Coulombic contri
butions. 1. The van der Waals interaction energy 
between atoms i and j separated by the distance rii 

was calculated from the Buckingham potential 
function, 

Evdw=aij exp ( -bijr;)-cufrt (1) 

with the parameters a, b and c differing for 
different atom-pairs. The parameter c in the 
attractive term was calculated from atomic polari
zabilities25 by application of the Slater-Kirkwood 
equation.26 The value of b for a like atom-pair was 
taken from Scott and Scheraga,27 while the value for 
an unlike pair was given by the geometric mean 
bii = (b;;bjj) 112 • The corresponding value of the 
parameter a was then determined by minimizing 
eq 1 at r=Rmin=R;+Ri, where R; and Ri are the 
van der Waals radii of the interacting atoms. Values 
of R; and Ri, taken from crystal-structure data,28 

were augmented by 0.1 A in order to compensate for 
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the absence, in the present application, of long
range attractive forces that are operative in the 
crystal. 1 The resulting values of Rmin• a, b, and c are 
given in Table I; included for purposes of com
parison is the corresponding information for in
teractions involving 0 atoms. 

The torsional contributions were represented 
by1,9 

Etor = (Eo/2)(1 -COS 3¢) (2) 

where E0 is the intrinsic barrier height and ¢ is the 
skeletal-bond rotational angle. This dihedral angle 
was taken to be zero in the state shown in Figure 1, 
with positive values of ¢ corresponding to the 
rotations required to advance a right-handed screw. 
Values of E0 were chosen so as to reproduce the 
observed barrier heights when used in conjunction 
with the van der Waals contributions calculated as 
described above. For the C-C, S-C, and 0-C 
skeletal bonds, these observed barrier heights are 

Table I. Parameters for the Buckingham potential 
functions 

Atom-pair Rmin 
w-3aa ba c• 

C···C 3.6 908.6 4.59 363.0 
C···H 3.1 86. I 4.57 127.0 
H···H 2.6 9.95 4.54 45.2 

S · · ·S 3.8 1354. 3.90 3688. 
S · · ·C 3.7 1162. 4.25 1158. 
S ... H 3.2 123.2 4.22 407.0 

0 .. ·0 3.2 223.0 4.59 245.0 
O···C 3.4 438.5 4.59 294.0 
O···H 2.9 41.9 4.57 96.5 

a Units are such as to give E in kcal mol- 1 when r is in A. 

Figure 1. Schematic of the poly(methylene sulfide) 
(PMS) chain, showing the definition of one of the bond 
angles e and one of the rotational angles ¢. The chain is 
arbitrarily shown in the all-trans conformation, and the 
brackets set off the chain repeat unit. 
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3.00 (ethane)/ 2.13 (dimethyl sulfide),9·29 and 2. 72 
kcal mol- 1 (dimethyl ether). 10 The resulting values 
of E0 are 2.80, 1.76, and 1.80 kcal mol- 1, 
respectively. 

The Coulombic contributions were calculated 
from 

(3) 

where k = 332.1 is a conversion factor giving Ecoui in 
kcal mol- 1 when q; and qi are in fractional parts of 
the electron charge. The dielectric constant s was 
taken to be 3.0, as is generally done in calculations 
of this type.1·10 

The potential energy functions thus obtained gave 
values of the (total) conformational energy in 
agreement with several previous results8 -lo ·used for 
testing purposes. In the present investigation, they 
were used to calculate conformational energies of 
poly(methylene sulfide) (PMS), poly(ethylene sul
fide) (PES), poly(trimethylene sulfide) (P3MS), and 
poly(pentamethylene sulfide) (P5MS). Different 

conformations were generated by rotations ¢ about 
the polysulfide skeletal bonds. Interest centered, of 
course, on conformations near the usual trans (t), 
gauche positive (g+), and gauche negative (g-) states 
located at ¢=0°, 120°, and -120°, respec
tively.1·9·10 Distances r;i between pairs of atoms 
separated by 3 or 4 bonds were calculated in the 
usual manner, 1 using geometric transformation 
matrices defined about the chain bonds. Rotational 
angles about a particular skeletal bond were varied 
by intervals of 5°, followed by closer scans at 
intervals of I o near the regions of low energy. 

RESULTS AND DISCUSSION 

The results most relevant to the crystalline-state 
configurations are the relative probabilities of the 
conformational states, and thus the energy differ
ences t'lE between gauche and trans states. This 
information is summarized in Table II, and is 
discussed in detail separately for each of the four 

Table II. Locations and energies of gauche states in polysulfides and polyoxides 

Bond I 4> I t>.Eb 

Polymer 
number• 

Interaction 
deg kcal mol- 1 

PMS I or 2 CH2 · · ·S 114.0 -0.63 
PMO I or 2 CH2 • · ·0 115.0 -0.34 

PES CH2 • • ·CH2 109.0 0.25 
PEO CH2 • • ·CH2 98.5 1.37 

PES 2 S .. ·S 113.0 0.71 
PEO 2 0 .. ·0 116.5 0.82 

P3MS CH2 · · ·CH2 109.5 0.11 
P3MO CH2 · · ·CH2 99.0 1.22 

P3MS 2 S· · ·CH2 113.0 0.09 
P3MO 2 0· · ·CH2 118.5 -0.24 

P5MS 2 S· · ·CH2 112.5 0.36 
P5MO 2 0· · ·CH2 117.5 0.15 

P5MS 
P5MO 

3 CH2 • · ·CH2 109.0 0.75 

• Number, reading from left to right, within repeat units shown in Figures 1-4. 
b Energy of the gauche± state relative to trans. 
' Distance between interacting groups in the gauche± state. 
d Sum of the van der Waals radii of the interacting groups. 
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d' R1+R/ 

A A 

3.43 3.9 
2.84 3.6 

3.33 4.0 
3.09 4.0 

3.52 3.8 
2.93 3.2 

3.33 4.0 
3.09 4.0 

3.31 3.9 
2.97 3.6 

3.31 3.9 
2.98 3.6 

3.12 4.0 
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polysulfides and the corresponding polyoxides. 

Poly(methylene sulfide) 
According to the present calculations, the two 

skeletal bonds in the PMS repeat unit, shown in 
Figure I, should have energies in the gauche states 
(1¢1 114°) approximately 0.6 kcal mol- 1 below 
that for the alternative trans state (¢=0°). 

Poly(methylene oxide) (PMO) also has a calculated 
preference for gauche states, but with a smaller I'!E 
(approximately -0.3 kcal mol- 1). This difference 
between PMS and PMO is due to the relatively large 
steric repulsions occurring in PMO because of the 
very short C-0 bonds. As can be seen in the last two 
columns in Table II, the interacting groups in the 
gauche state in PMO are 0.8 A below the sum of the 
van der Waals radii, whereas they are only 0.5 A 
below in the case of PMS. It should be mentioned, 
however, that the observed value of I'!E in PMO is 
approximately - 1.4 kcal mol- 1 , 10 which is con
siderably underestimated by the calculated value, 
-0.3 kcal mol- 1 . 10 This difference is called a 
"gauche effect,"30 and a similar discrepancy may 
occur in the case of PMS. On the basis of 
comparisons between theoretical and experimental 
values of some configuration-dependent properties 
of poly(propylene sulfide),9 however, it appears that 
this type of discrepancy may generally be con
siderably smaller in the polysulfides. 

In any case, gauche states are strongly preferred 
in both PMS and PMO. As a result, g±g+ 
conformational pairs would not be as strongly 
suppressed by "pentane-type interferences" as they 
are in other chain molecules. 1 Relatively low 
energies for g±g+ states means, of course, that such 
conformations must be taken into account in 
rotational isomeric state calculations of configu
ration-dependent properties. They would not be 
expected to occur in the crystalline-state configu
rations, however, even if they represented mini
mum energy conformations. These g±g+ states 
correspond to abrupt reversals of chain direction, 
and this apparently can not be tolerated in the usual 
mode of polymer crystallization, in which the chain 
propagates along a rectilinear axis through a very 
large number of unit cells. (These circumstances 
apply to a wide variety of crystalline polymers, in
cluding the fibrous proteins. It would not, however, 
be expected to apply to globular proteins in the 
crystalline state, in which the occupants at the lattice 
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sites are entire molecules. 31 Such collapsed chains 
do indeed have numerous bends, turns, and re
versals that would not be permitted in the case of 
chains crystallizing along an axis.)31 

With regard to the prediction of crystalline-state 
configurations, there does seem to be good agree
ment between theory and experiment in the case of 
PMS. The polymer crystallizes as a 179 helix,4 which 
is very similar to the POM 95 helix (which does 
correspond to a sequence of approximately gauche 
states of the same sign). 1 •10 

Poly( ethylene sulfide) 
As shown in Figure 2, the repeat unit of the PES 

chain has three skeletal bonds. The first and last are 
calculated to have gauche states approximately 0.2 
kcal mol- 1 above the trans. This value of/'!£ is a few 
tenths of a kcal mol- 1 higher than the value recently 
calculated by Abe,8 •9 possibly because the two 
calculations are based on different PES sequence 
lengths. The agreement is thus satisfactory, con
sidering the uncertainty in general in such calculated 
results. 1 As shown in Table II, the two correspond
ing C-0 bonds in poly(ethylene oxide) (PEO) are 
much more constrained to the trans state. This is 
due to the very short length of these bonds and 
applies to the polyoxides in general. In any case, 
unfortunately, this energy difference in PES is not 
large enough to hazard a prediction for the 
conformation about this bond in the crystalline 
state since a small difference in intermolecular 
(packing) energy could be decisive in such cases. For 
the second bond, the trans state should definitely be 
preferred, the energy difference being estimated as 
0. 7 kcal mol- 1 in the present calculations, in 
reasonable agreement with the value 0.4 kcal mol-1. 
estimated earlier9 The crystalline-state configu
ration was found to be [g±tg±V which is consistent 
with the above arguments. Crystalline PEO has the 
opposite configuration, [tg±tV0 · 12 •13 PEO also 
exhibits a crystalline modification corresponding to 
[ttt],l4 and the above analysis suggests that this may 

Figure 2. Schematic of the poly( ethylene sulfide) (PES) 
chain. 
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be an alternative low-energy conformation for PES 
as well. 

Poly( trimethylene sulfide) 
There are four skeletal bonds in the P3MS repeat 

unit, as is illustrated in Figure 3, and all should have 
gauche and trans states of essentially the same 
energy (within 0.1 kcal mol- 1 ). This molecule may 
therefore be an interesting approximation to the 
"freely-rotating" chain much used as a highly 
idealized reference state in configurational ana
lyses.1 In analogy to the conclusion reached in the 
comparison between PES and PEO, P3MS seems to 
be a less constrained molecule than poly
(trimethylene oxide) (P3MO). 

The crystalline-state configuration of P3MS has 
been reported to be [g±g±g±g±],6 which is con
sistent with the present analysis. In contrast, P3MO 
exhibits three crystalline modifications, [tttt], 
[ttg±t], and [tg±g±t]_l2·16 In all of them, the C-0 
bonds remain trans, as expected. 

Poly(pentamethylene sulfide) 
The P5MS repeat unit, shown in Figure 4, has six 

skeletal bonds, and the first and last of these should 
have gauche and trans states of essentially the same 
energy. In the case of the second and fifth bonds, 
trans states should be preferred by approximately 
0.4 kcal mol- 1; the same preference should exist 
for the third and fourth bonds, with an energy 
difference of approximately 0. 7 kcal mol- 1. The 
crystalline-state configuration corresponds to a 
sequence of all-trans conformations,7 in agreement 
with the above analysis. The corresponding poly-

Figure 3. Schematic of the poly(trimethylene sulfide) 
(P3MS) chain. 

Figure 4. Schematic of the poly(pentamethylene sul
fide) (P5MS) chain. 
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oxide has apparently not been investigated in this 
regard. 

Other Alkylene Polysulfides 
The present calculations also permit some com

ments to be made on poly(tetramethylene sulfide), 
poly(hexamethylene sulfide), and the higher 
poly(alkylene sulfide)s as well. In general, the first 
and last bonds in these [S-(CH2)y-] repeat units 
should have gauche and trans states of essentially 
the same energy, and the intervening bonds should 
prefer trans states. The longer the alkylene sequence, 
however, the more likely it is that the all-trans 
conformation will be the crystalline-state con
figuration. The more trans states there are in the 
repeat unit, the more difficult it would be to 
construct a helix having two gauche bonds per 
repeat unit that would compete in packing efficiency 
with the planar zig-zag, all-trans conformation. 

CONCLUSIONS 

The conformational energy calculations carried 
out are seen to be very useful for the interpretation 
and even prediction of the crystalline-state con
figurations of the poly(alkylene sulfide)s. They can 
also be utilized, of course, in rotational isomeric 
state calculations of the configuration-dependent 
properties of this very interesting class of chain 
molecules. 

An additional important conclusion is that the 
polysulfides in general seem to have more con
figurational versatility than the corresponding po
lyoxides, primarily because of the relatively large 
value of the C-S bond length. They should thus be 
considered more flexible in the sense of generally 
having fewer skeletal bonds highly constrained to 
particular rotational states. The same conclusion 
was reached by Abe8 ·9 on the basis of calculations of 
conformational energies and configurational par
tition functions of PES and poly(propylene sul
fide). It is also in agreement with the results of a 
study of the flexibilizing effect of atomic "swivels" 
introduced between rigid-rod sequences in aromatic 
heterocyclic polymers, in order to make them more 
tractable. Conformational-energy calculations car
ried out on these systems indicated that S swivels 
should be better than 0 swivels in imparting chain 
flexibility of this type.32 
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