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The H2Sn homologous series is proposed as a model for the collective vibrations of helical molecules. The
polysulfane series was selected as the molecular set that resembles most closely a molecular discretization of
a continuous helical curve. The computational vibration analysis for the levels of theorysMNDO, RHF/3-
21G, RHF/6-31G*, RHF/6-31G**, MP2(FC)/6-31G*, and DFT B3LYP/6-31G*srevealed a number of
collective vibrations. These vibrations resemble the motion of (a) a transverse wave, (b) a longitudinal wave,
and (c) a transformation of the cylindrical shape to a breathing pulse, to an ellipsoidal-hyperboloidal, or to
a cone. The precursor of a helical transverse wave is SSSS torsional vibrations, while SSS bending vibrations
are the precursor of a longitudinal wave; finally, aggregated SS stretching is the precursor and generative
force for the reported changes of the cylindrical helical shape (breathing, conical, ellipsoidal-hyperboloidal).
The number of sulfur atoms and the hydrogen substitution were studied for their effects on appearance/
disappearance of the characteristic helical vibrations. Also, they were studied for their effects on the overall
molecular shape. The helical structure of polysulfanes is proposed to be ideally suited to provide a reference
molecular prototype for classification of the low-frequency vibrations of helical biopolymers leading to global
bend, global stretch, or breathing, conical, ellipsoidal-hyperboloidal transformations. Vibrations of this kind
are particularly interesting for their biological and nanomechanical functions.

1. Introduction

Helical structure is very common in a great variety of
molecules. The helical motif is found in many inorganic
polymers.1 The majority of the known crystal structures of
organic polymers adopt a helical conformation.2 In biopolymers,
the existence of helical structure plays a key role in molecules
of great significance such as DNA, proteins, and polypeptide
chains.

Low-frequency vibrations of biopolymers are of great im-
portance. It has been suggested that low-frequency vibrations
produce motions that play a critical role in the biological activity
of many biopolymers since they possess much more significant
biological functions than the high-frequency motions.3,4 Motions
of this kind arise from a large part of the molecule even from
all its atoms or, from the proper microenviroment.5 Low-
frequency vibrations may produce global bend, stretch or twist
of the helix,5 which are characteristic of the helical motif.

Both theoretical and experimental work have been carried
out for the vibrational analysis of helical biopolymers and
especially low-frequency vibrational analysis, including theories,
algorithms and methods for the characterization, description,
and formalism of such motions.6-13

The quantum mechanical calculation of the vibrational
frequencies of biopolymers, though, requires large-scale com-
putational resources due to the large number of the atoms that
each monomer consists of. On the other hand, characterization,
classification, and prediction of characteristic helical vibrations
are important for the evaluation of the existing or proposed

functionality of such motions not only in biopolymers but in a
wide variety of chemical functions such as chemical kinetics,
chemical reactions, or the new field of nanomechanics. A helical
polymer being built from small units would be suitable though
for this kind of analysis.

Polymeric sulfur forms helices.14a,b It has been used to test
theories of the spatial configurations of chain molecules related
to polymer statistics and critical phenomena.15-17 Its structure
and electronic properties have been studied theoretically in
previous works.18-20

Sulfur, as a part of a polymeric chain, has the following
advantages:
(i) It is very flexible since S-S bonds vary between 180 and
260 pm, depending partly on the character of the bond, S-S-S
angles vary between 90° and 180°, while S-S-S-S adopt
values between 0° and 180°.14b

(ii) The repeating monomer consists of only one atom that,
additionally, does not aggravate the computations.

To achieve a reasonable number of sulfur atoms, the
polysulfane series was chosen. It was also chosen for another
reason: It represents a nearly ideal discrete spanning of a
continuous regular helical curve. Of the wide variety of
polysulfur compounds,21 the polysulfanes are of great impor-
tance. R. Steudel and A. H. Otto, in their recent work on gas
face acidities of H2Sn (n ) 1-4),22 indicated that for a long
time these species were only of academic interest until it was
suspected that H2S2 is present in “sour gases”(see their ref 3)
and higher members were detected in elemental sulfur produced
from sour gas. In addition, many structural aspects can be
studied in these compounds. Also, M. Schmidt and W. Siebert
have pointed out that “...polysulfanes are the link of a very close
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genetic connection, elemental sulfur on one side, with all the
many compounds containing sulfur-sulfur bonds in their
molecules on the other side”.23 Most of our knowledge on these
compounds stems from the elegant work of F. Fehe´r and his
group in the 1950s. A continuously developing field of the
chemistry of polysulfanes is that of organic polysulfanes R2Sn.21

A number of these substances adopt a helical conformation for
the C-Sn-C part.21,24-26

Experimental and theoretical data are available for the
vibrational spectroscopy of H2Sn

27-31 (helical or not), while for
R2Sn (helical or not), to our knowledge, there are only
experimental data in the literature.24,26,32,33For the compounds
above, the vibrational analysis is restricted to classic S-S,
S-S-S and S-S-S-S vibrations. In one of the above works,28

there is a calculation of phonon dispersion curves of the
polysulfane series, which describes the optical and acoustical
bands. Phonon dispersion curves give the variation of phonon
energies with the phase difference between identical atomic
displacements in neighboring chemical repeat units. They were
calculated by Wilson GF method34 as described by Higgs35 for
infinite helical polymers. A particularly useful adaptation of this
method has been given by Peticolas et al.29,36 Optical mode
implies vibrations perpendicular to the chain, whereas the term
acoustical mode implies a vibration in the direction of the chain.
For mathematical rules and restrictions for the optical and
acoustical branches, refer to the work of L. Piseri et al.37

In this work, H2Sn is proposed as a model for the study of
the vibrational motion of helical molecules using normal-mode
analysis. Adopting polysulfanes as a model, the description and
classification of characteristic helical vibrations become simple
and can be summarized and applied to more complicated
substances such as helical biopolymers in order to describe the
motions that are expected to appear in a helical molecule. One
could argue that when the H2Sn series is used as a model many
effects such as hydrogen bonding, atom or group interactions
could not appear in such vibrations. The origins of these motions
can also vary in different substances. The argument in favor of
using H2Sn series as a model is that many of these phenomena
can be revealed either by the appearance of extra helical
vibrations that are not expected or by the disappearance of an
expected one in other substances.

As mentioned above, these motions are confirmed spectro-
scopically in many molecules. This work is exclusively focused
on the existence and behavior of the helical vibrations. Their
existence is confirmed in a series of molecules computed by
applying various levels of theory.

Substitution of the terminal hydrogens with several organic
molecules is also studied. One of them, (CCl3)2S7 has been
reported recently [synthesis, elucidation, X-ray characteriza-
tion].26 The results agree with those of H2Sn series. Vibrational
selection rules38 where not applied for the normal modes since
the aim was to collect all the kinds of vibrational motion and
their subcategories in order to generalize the results for every
helical molecule.

To our knowledge, it is the first time that longitudinal,
transverse, breathing, conical, hyperboloidal-ellipsoidal vibra-
tions are studied together on polysulfanes, while a systematic
taxonomy has been developed. It is also the first time that helical
polysulfanes are proposed as a model for the study of these
vibrations.

Such motions will bring to mind continuum mechanics where
a helix is treated as an elastic rod and helical springs of arbitrary
shape whose natural frerquencies39 are the subject of study.

2. Computational Methods

This section summarizes the combination of the H2Sn and
R2Sn classes of molecules, the level of theory and the packages
used for the geometry optimization and the calculation of the
normal modes. The packages used are Gamess40 installed at a
small beowulf41 cluster of pcs, PcGamess v(5.1)42 of the gamess
package40 installed at an Intel PII 400 pc, and Gaussian9843

installed at a 16 Origin2000 processors machine.
The calculations made use of the following theoretical

descriptions: (a) semiempirical MNDO,44 (b) abinitio RHF
employing 3-21G,45 6-31G*,46 and 6-31G**46 basis sets of
Gamess package, and (c) MP2(FC), where FC indicates a frozen
core in the MP2 level while the B3LYP47 functional was adopted
for the DFT level of theory with 6-31G* basis set in the
Gaussian98 package.

All molecules were subjected to a full-unconstrained opti-
mization of their geometry under very tight optimization criteria.
The initial starting point was an all 87.0 dihedral angle backbone
of the Sn part of every molecule except (CCl3)2S7, where the
experimental geometry was adopted. The RSSS angle (R being
carbon or hydrogen) was set at 90°; exceptional case was, again,
the experimental value of (CCl3)2S7.26

Frequencies were computed analytically except from the
semiempirical level, where numerical procedures took place.
The numbers of frequencies were scaled: RHF/3-21G results
with the factor 0.9085, RHF/6-31*G results with the factor
0.8929, MP2(FC)/6-31*G results with the factor 0.9434, and
B3LYP/6-31*G results with the factor 0.9613.48

Vibrations were visualized by Molden 3.6.49 The vibrations
of interest were chosen and theirX, Y, Z atomic Cartesian
translations gave the resultant translation for each atom sepa-
rately. All the atomic resultants for each vibration were scaled
linearly by a coefficient near to 50. The result was added to the
optimized equilibriumX, Y, Z Cartesian coordinates of the
molecule under study. By this method and with proper scaling,
the picture of the molecule in its extreme position was achieved.

Altogether, 22 molecules have been treated.
(i) H2Sn with n ) 4-12, 21, 31, 41, 51. The H2S4 is the first
molecule in the series that has a torsional angle fully consisted
of sulfurs. The increment by one atom stops atn ) 12. H2S11

might show a repeat distance of 10 atoms according to the S∝
structure.14 N values of 21, 31, 41, 51 were chosen since they
follow an increment of 10 atoms at H2S11 each time. Another
reason that long polysulfanes have been treated is that in
polysulfane seriesn can have values of 35 and above.50 The
H2Sn series were treated with the following levels of theory
(packages used are given in parentheses): H2Sn of n ) 4-12
was treated with MNDO (Pcgamess) and RHF/3-21G (Gamess).
Additionally for n ) 4-8: RHF/6-31G* (Gamess), RHF/6-
31G** (Gamess), MP2(FC)/6-31G* (Gaussian98), and DFT
B3LYP/6-31G* (Gaussian98) were applied. H2S12 was also
treated with DFT B3LYP/6-31G* (Gaussian98).
H2Sn of n ) 11, 21 were treated with MNDO (Pcgamess) and
RHF/3-21G (Gamess). Also, forn ) 31, 41, 51, the semiem-
pirical level of MNDO (Pcgamess) was used.
(ii) R2Sn, with R being C2H3 or C6H5 andn ) 5, 7 (other organic
polysulfanes are found with helical Sn parts,n being 5 or 7).25,26

Molecules withn ) 11, 22 are chosen in order to study the
substitution effects in longer helical chains. Such a length for a
sulfur chain should not be considered unusual since other
compounds (chlorosulfanes) with up to 30 sulfur atoms have
been detected by indirect HPLC analysis (after derivatization),51

while organic polysulfanes with 952,53 and 1132 sulfur atoms
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have been synthesized (not necessarily in helical structure). The
levels of theory and the packages used for the treatment of R2Sn

(R ) C2H3 or C6H5) are given below:
For n ) 5, 7, 11, 22, the MNDO (Pcgamess) was applied.
Additionally, H2S5 and H2S7 were treated with RHF/3-21G
(Gamess).
(iii) (C Cl3)2S7 is a molecule, which has been synthesized and
characterized by IR, Raman, and laser spectroscopy,26 with a
relatively long sulfur helical chain and terminal parts that do
not aggravate the calculations. Experimental (X-ray) structural
results produced by Steudel et al.26 and theoretical structural
results (RHF/6-31G*, MP2/6-31G*, DFT/B3LYP/6-31G*) pro-
duced in this work for the C-S7-C part of the molecule are
given in Figure 1. Information about the deviation of the X-ray
technique is given in Table 2 of ref 26. This molecule was
treated with all levels of theory: MNDO (Pcgamess), RHF/3-
21G (Gamess), RHF/6-31G* (Gaussian 98), RHF/6-31G**
(Gaussian 98), MP2(FC)/6-31G*, and DFT B3LYP/6-31G*.

Several studies54-60 have shown that vibrational frequencies
calculated using DFT methods agree well with experiment and
are much superior to the Hartree-Fock (HF) theory. Studies
on molecules containing sulfur61,62 including H2S and H2S2

molecules,62 which compare results with MP2 treatments,
recommend the use of DFT methods, particularly the hybrid
methods such as B3LYP, for reliable prediction of frequencies
when no hydrogen bonding is present.

In this case, from the structural point of view, the RHF/3-
21G geometry optimization of H2S7 and (CCl3)2S7 molecules
(Table 1S) yields results surprisingly close to the DFT/B3LYP/
6-31G* dihedral angles, maybe due to errors’ cancellation, while
MNDO is useful mainly as a trend indicator. So RHF/3-21G
seems to be a quite accurate approximation of the dihedral angles
in helical sulfur. This is confirmed from calculations on H2Sn

series,n being 4-8, 12 (results available upon request from
the authors).

3. Results and Discussion

The section is organized in two parts. In part A the helical
shape modifications due to (a) terminal group R and (b) to the

length of the sulfur chain are discussed. The main body of the
work is in Part B where the polysulfane series is presented and
analyzed as molecular vibrating springs.

A. Structural Aspects of the Helical Molecular Form of
the R2Sn Molecules. Before any proceeding, it should be
clarified that H2Sn and R2Sn molecules are studied as helical.
This is one of the many expected conformational isomers of a
polysulfane and some of them are of the same total ener-
gies.27,63,64Polysulfanes, in their crystals, adopt only one of these
conformers, but in their melts, they adopt several. Thermody-
namically, according to R. Steudel et al.,33 who accounted for
low melting points of specific organic heptasulfanes, this leads
to long chain polysulfanes being either liquid or having melting
points only slightly above ambient temperature. (C Cl3)2S7 is a
molecule which adopts a helical conformation in its crystal.

The cylindrical surface that circumscribes the molecular helix
is affected by replacing hydrogen with various substitutes. Here,
the structures of H2S7 with R2S7 (R ) C2H3, C6H5, CCl3) were
used as models for comparison (all structural data are given in
Table 1S).

1. Structural Effects from Substitution.It is observed that the
main structural difference stems from dihedral angles, which
are related to the substituent (X1-S1-S2-S3, S1-S2-S3-S4,
S4-S5-S6-S7, S5-S6-S7-X2). Contrarily, the dihedral angles
of long chain molecules, which are not close to the substituent,
hold their values close or identical to those of H2Sn series.

In general, substitution may cause a raise, or a reduction of
the value of the particular dihedral angles. It may also be neutral.
This causes some changes to the radius of the helix. The radius
can (a) increase, (b) decrease, (c) stay unchanged, or (d) increase
and decrease simultaneously in adjacent or nonadjacent parts
of the helix.

Changes in the curvature or the pitch of a helix can also be
observed. All these changes can result in different structural
categories of helices. Biohelices are one example, which are
characterized asR-helices, 310 helices, etc. These changes can
also result in the loss of the helical character if the circumstances
permit it.

Apparently, the shape of the helix is a matter of chemistry.
Any shape of a helix can be achieved if the proper substitution
takes place. Electron withdrawing, nucleophilicity, p-system
presence, electronegativy, and many other electronic or steric
reasons familiar to every chemist can cause this change. So a
regular helix transforms to ellipsoidal or hyperboloidal helical
curve and vice versa. It also may transform to conical if different
substances substitute the two ending hydrogens. Many other
shapes can appear depending on the substituents. Being able to
construct helices with predefined shape is a challenge for a
theoretical or experimental chemist.

In this work, the motives of the helix being regular (cylindri-
cal), ellipsoidal (barrel like), hyperboloidal, and conical are
determined and are demonstrated:

Comparison of H2S7, R2S7. The optimized structures of H2S7

and R2S7, with R being C6H5, C2H3, and CCl3, are given as a
pictorial representation in Figure 2 (R) H, MP2/6-31G*; R)
C6H5, RHF/3-21G; R) C2H3, RHF/3-21G; R) CCl3, MP2/
6-31G*). See also Table 1S of the Supporting Information. HF/
3-21G shows a reduction of X1-S1-S2-S3 and a reduction of
S1-S2-S3-S4 value when C2H3 substitutes hydrogen. The same
is observed for the symmetrical dihedral angles on the other
side of the molecule. The helix is almost regular (Figure 2IIA).

HF/3-21G results for H2S7, Phe2S7 show an X1-S1-S2-S3

and an S1-S2-S3-S4 reduction when H is substituted by C6H5.

Figure 1. Numbering of atoms and structure of (CCl3)2S7 from X-ray26

and from present theoretical work.
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The two terminal dihedral angles (X1-S1-S2-S3, S5-S6-S7-
X2) are smaller than the others in the middle, which remain
almost the same despite the substitution. The helical Sn part
becomes a regular helix (Figure 2IIB).

(CCl3)2S7, a left-handed molecule, shows an increase of X1-
S1-S2-S3 and an S1-S2-S3-S4 value in all levels with the
exception of MNDO, which systematically fails. The Sn helical
part continues to have ellipsoidal characteristics (Figure 2IIIA,B)

The R2S7 molecule has six dihedral angles. Let X1-S1-
S2-S3 be a1 dihedral angle, and let S5-S6-S7-X2 be a6
dihedral angle. Then Si-Si+1-Si+2-Si+3 (i ) 2-5) corresponds
to ai.

The above definition of sequence of dihedral angles should
fulfill certain constraints in order to create a particular helical
shape:
(i) The pattern for a perfect regular helix should satisfy the
relation a1 ) a3 ) ... ) a6.
(ii) The pattern for a conical helix should satisfy the inequality
constraints a1 < a2 < a3 < a4 < a5 < a6.
(iii) The pattern for an ellipsoidal (barrel like) helix should
satisfy the relations a1 > a2 > a3 ) a4 < a5 < a6.
(iv) The pattern for a hyperboloidal helix should satisfy the
relations a1 < a2 < a3 ) a4 > a5 > a6.

Figure 2 depicts the regular and hyperboloidal patterns of
H2S7 and R2S7 molecules.

2. Structural Effects by Raising the Number of S Atoms.To
study the effects of increasing the S atoms of the helix in H2Sn

series, the computed geometrical results forn ) 4-8 are
summarized as it follows:

Studying the H2Sn series forn ) 4-8, one can conclude that
no significant structural changes are observed. Increments of
the chain length influence the geometrical characteristics very
little. The results agree with the work of ref 28. The H-S bond
remains the same with an MP2 value of 1.3448-1.3450 Å. The
H-S-S angle is 98.7° everywhere. The H-S-S-S angle has
a MP2 value of 84.2-84.7°. The S-S bond has a value equal
or very close to 2.07 Å, slightly smaller than the accepted 2.08
Å length. S-S-S angles vary between 107.5° and 107.0° and
S-S-S-S angles between 84.7° (terminal) and 78.1° (in the
middle), keeping the trend to increase in ending parts. This is
an interesting point. Raisingn causes the cylinder to adopt a
particular shape related to the trend of the torsional angles. This
shape becomes clear with molecules having two or three turns
such as H2S7 and is expected to be maintained at even longer
since the end effect is very weak to influence the angles in the
middle.

B. Vibrational Analysis. 1. Literature SurVey. After an
extensive search of the literature, experimental and calculated
frequencies for H2Sn and R2Sn became available and are
discussed.

The calculated SSSS torsional frequencies in the RHF/6-
31*,29 RHF/6-31**,28,29MP2(FC)/6-311G**,27 and PP/PSEUDO28

levels of theory mainly forn ) 4-6 of the H2Sn series, lie in
the region 35-75 cm-1. The experimental SSSS torsional
frequency of H2S4 lies at 77 cm-1 of the spectrum.31b

The SSS bending frequencies lie in the region 149-242 cm-1

of the Raman spectrum30,31aand in 131-283 cm-1 of theoretical
treatment.27-29 Finally, SS stretching frequencies are found in
the 439-485 cm-1 region of Raman spectrum30,31aand in the
432-560 cm-1 region of theoretical treatment.27-29

Where unscaled, the calculated values were compared with
the experimental values based on the relative ordering of
frequencies than on absolute values.

The frequency values of organic polysulfanes26,32,33concern
SS stretching and SSS bending vibrations. In general, the values
are the same or very close to the regions of the H2Sn series.
For (CCl3)2S7,26 its six SS stretching modes result in three
Raman signals. The writers26 ascribe this fact to incidental
degeneracies and to the presence of the very strong symmetrical
SCCl3 stretching vibration (436 cm-1). The same phenomenon
occurs to the sulfur compound of ref 32. The number of SS
stretching modes are smaller than the expected, a fact which is
ascribed to coincidental degeneracies. These frequencies can
be used to account for the number of S atoms of a sulfur chain.
(For a full tabulated report on the findings of the literature, see
Tables 2S, 3S, 4S.)

Figure 2. (I) H2S7 minimized at MP2 /6-31G* level of theory.
Snapshots of the molecule as it turns around its axis. Note how atoms
and bonds in the middle are exerted while in the two ends all bonds
are under the cylinder and the atoms are inner. (II) R2Sn (R ) Ethylene,
C6H5, n ) 7) at the HF/3-21G level of theory. The helix transforms to
a regular one by this substitution. The S3 and S5 atoms are slightly
exserted with C2H3. The difference is impalpable and the helix is almost
regular. For C6H5, a perfect regular helix of the Sn part is formed. (III)
(CCl3)2S7 minimized at MP2 /6-31G* level of theory. Snapshots of
the molecule as it turns around its axis. Note again how atoms and
bonds in the middle are exerted, while in the two ends they are not,
following the H2S7 trend.
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2. Present Work.This work aims to describe vibrations that
were observed to produce motions that resemble a longitudinal
wave, a transverse wave, or a helical shape transformation. Each
characteristic vibration will contain:
(i) Report, general discussion of the vibration.
(ii) Molecular representation using the H2S12 and the (CCl3)2S7

molecules in their extreme positions as they oscillate during
the vibration at the DFT level of theory. The H2S12 molecule
was chosen because every kind of collective motion described
below is clear and existent on it, while on smaller molecules of
the H2Sn series such as H2S4 or H2S5, only the generic factor
can be seen. The (CCl3)2S7 molecule was selected because it is
a long organic polysulfane, which is solid and adopts a helical
conformation as supported by X-ray examination.26 (CCl3)2S7

will be present as a figure in the first vibration of each category.
Schematic representation of the molecule as a mechanical spring
will also be available. (A drawing of an ideal spring showing
the equilibrium position and its transformation when the
oscillation reaches the extreme position.)
(iii) Calculated frequencies at which the collective motion is
observed. Only DFT B3LYP/6-31* frequencies are given since
all other methods for all molecules have resulted in the same
collective motion that DFT describes; plus, identical conclusions
stem from all elaborated computations. All other calculated
frequencies for all methods and molecules are given as Sup-
porting Information.

The vibrations are allocated in three categories:
(i) Helical bend: the helix is bending, and molecular curves
are formed. If the symbol 1c follows, then an arc is formed. If
the symbol is 2c, then two curves are formed, and a sin bend is
produced, limited between [0,2π]. For every c added, the bound
increases by oneπ. The motion resembles a standing transverse
wave.
(ii) Helical stretch: The helix is stretching and regions of
rarefaction are formed. If the 1r symbol follows, then 1 region
of rarefaction is formed. If the symbol is 2r, two regions of
rarefaction are formed. The motion resembles a longitudinal
wave and the rarefaction gives rise to the definition of the
wavelength of this standing wave.

(iii) Helical cylindrical shape transformation: The helix expands
its radius uniformly, resembling a breathing pulse. If an
asymmetric expansion takes place, then an ellipsoidal-hyper-
boloidal or a cone is formed.

3. Helical Bend 1c.Figure 3B shows the bending character-
istics of vibration in the 3 prescribed ways. All molecules and
methods substantiate this kind of motion. Studying Figure 3B,
one can conclude that the helix is bending and one main helical
curve is formed when the vibration reaches its extreme position.
The molecular axis resembles an oscillating string, a standing
transverse wave. It is always the first normal mode that generates
this motion. DFT frequencies are as follows:
For n ) 4, the frequency is 69.5 cm-1; H2S5 has the
characteristic excitation at 41.5 cm-1, H2S6 at 30.8/41.9 cm-1,
H2S7 at 26.6/30.1 cm-1, H2S8 at 24.1(degenerate)/25.0 cm-1,
H2S12 at 10.8(degenerate)/12.6 cm-1, and (CCl3)2S7 at 11.3/
13.2 cm-1.

The precursor of this motion is the S-S-S-S torsional
vibration in H2S4(69.5 cm-1). The second normal mode of H2S6

(its next S-S-S-S torsional mode: 41.9 cm-1) generates a
similar motion. The precursor of this similar motion is the S-S-
S-S torsional vibration, the second normal mode of H2S6. The
difference between these two modes (examined as a global effect
on the molecule) is the direction of the oscillation. Direction of
normal mode 1 is almost vertical to the direction of normal
mode 2. H2S5 does have a second normal mode, which is
torsional, but its length does not permit the helix to oscillate in
the described way uniformly. The difference in frequencies
between these two modes gets smaller from H2S6 to H2S12, and
in longer molecules of the H2Sn series (n ) 8, 12), these two
modes are degenerate.

In even longer molecules, such as H2S31 and R2S22 (R )
C2H3, C6H5), the second normal mode ceases to generate this
kind of motion. This is supported by semiempirical and HF
results. Aftern ) 8, the mode that produces the motion is always
degenerate for every method.

The main effect on the helix is the bending of its axis. Across
the H2S12 helical axis, the S1 and S12 atoms oscillate almost
antiparallel to the S7 and S8 atoms. Also, the ending sulfur atoms

Figure 3. Helical bend 1c, helical bend 2c, and helical bend 3c. For (CCl3)2S7, the helical bend 2c exists at 31.4 cm-1, while the helical bend 3c
does not exist.
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represent the two edges of the wave while the sulfurs in the
middle represent the top of it. Given the fact that the translations
of the former are of 0.08 Å and the latter of 0.06 Å, the height
of the wave of the vibration is estimated close and less than
0.14 Å.

It is also observed that frequencies move to lower values as
the chain length increases. This comes in agreement with
biomolecular behavior since helical bending is observed both
in DNA8 and polypeptide chains.11 The same principle is
followed in classical mechanics. Finally, the calculated fre-
quency of H2S4, at the DFT level of theory, deviates 8 cm-1

from the experimental value.
4. Helical Bend 2c.The behavior of H2S12, as it vibrates at

the DFT level of theory and the mechanical analogue of the
helical spring are shown in Figure 3C1,2. In Figure 3C, the
helix is bending, and two main curves are formed. The molecular
axis resembles a transverse wave, a sin curve (0,2π). This kind
of motion first appears at the H2S7 molecule as a torsional SSSS
vibration, and it is the precursor for longer sulfanes. It becomes
clearer at higher members of the series.

DFT frequencies are as follows:
For n ) 7, the frequency is 44.3 cm-1; for n ) 8, we meet the
characteristic excitation at 52.8 cm-1. H2S12 exhibits the motion
in two frequencies: 28.0 and 30.2 cm-1 and (CCl3)2S7 at 31.4
cm-1.

H2S9 (treated with MNDO and RHF/3-21G levels of theory
as mentioned in computational methods section) shows another
similar vibration. It is vertical to the direction of the first one.
This identical phenomenon was met at the first vibration that
was described above but now it does not disappear in longer
molecules such as H2S21 and continues up to H2S51. MNDO
gives rise to three modes with similar motion at R2S11 (R )
C6H5). The precursor for this vibration is the SSSS torsional
vibration of H2S9. This accounts for the two numbers given
above for H2S12.

The behavior of frequency depending on the number of
sulfurs is to decrease asn rises. This behavior is obvious for
someone who examines the results of MNDO and RHF/3-21G.
(Table 6S). The highest frequency is observed at H2S8. Proceed-
ing to longer molecules, the frequency falls progressively. The
exception of this observation comes from H2S7. This molecule
has a lower value of frequency than that of H2S8 in every level
of theory. This does not mean that number seven or eight are
critical points of the H2Sn series. Probably the origin of the
vibration of H2S7 stems from higher SSSS torsional frequencies
than those of H2S8. Finally, the degeneracy is present every-
where in the longer molecules(n > 10).

5. Helical Bend 3c.Figure 3D1 reproduces the motion of
H2S12 at the DFT level while Figure 3D2 gives the mechanical
analogue. The helix is bending, and three main curves are
formed. The molecular axis resembles again an oscillating string.
This time the standing transverse wave resembles a sin curve
increased by oneπ (0,3π) compared to the previous bend.

This motion starts to appear at H2S11 and it becomes clear at
longer polysulfanes. Due to this fact, only the number of H2S12

is presented at DFT level, which is 43.5 and 67.0 cm-1. The
direction of motion of the former is vertical to the direction of
the latter.

The precursor of this vibration is the S-S-S-S torsion of
H2S11. From H2S12, another similar motion appears and con-
tinues to higher members. It is, as mentioned before, vertical
to the direction of the first one. The phenomenon is clear at the
H2Sn series withn ) 21, 31, 41, 51. The degeneracy is intense
in this vibration. This is a motion that is shown in higher

members of helical polysulfane series. R2S11 (R ) C6H5) shows
two modes that induce similar conformational change. The
origins of these two frequencies are separate SSSS torsional
vibrations.

Frequencies move lower asn increases. This is a general trend
in helical bending. It is also observed in motions with more
curves (4c, 5c, etc.) that appear in very long polysulfanes (n )
21, 31, 41, 51).

6. Helical Stretch 1r.Figure 4B picturizes the helical stretch
1r with H2S12 and (CCl3)2S7. The mechanical analogue is also
given. The helix is stretching and the oscillation has the
characteristics of a longitudinal wave. The center of the molecule
shows rarefaction, which transforms to condensing. The motion
is absolutely symmetrical.

The characteristic DFT frequency for H2S4 is 162.6 cm-1.
H2S5 vibrates at 123.6 cm-1, H2S6 at 105.2 cm-1, H2S7 at 89.6
cm-1, H2S8 at 87.8 and 75.4 cm-1, H2S12 at 53.1 cm-1, and
(CCl3)2S7 at 175.7 and 199.4 cm-1.

The precursor of this motion is SSS bending in the H2S4

molecule (162.6 cm-1). In longer molecules, the motion
becomes clear. Degeneracies become dominant. Substitution
affects slightly the appearance of the motion. In (CCl3)2S7, it
appears in higher frequencies than expected, while in R2Sn for
n ) 22, it disappears, as observed at MNDO level. There is a
bending character of this motion, but it is very small, and it
should not be confused with the bending of the axis observed
in the vibrations above. It is probably inevitable to have escort
motions when these vibrations occur. They stem from the
structural changes that vibrations produce. In biomolecules
though mixed character is common. In DNA,8 the first helical
bending is also the first helical stretching. Helical stretch is
observed in polyalanine and deoxymyoglobin.10

Frequencies become lower again asn increases, and it seems
to be possible to predict frequencies at which helical stretch or
bend can appear, with proper fitting.

7. Helical Stretch 2r.In Figure 4C, the helix is stretching
resembling again a longitudinal wave. The left and the right
part of the molecule now show one rarefaction each, which
transforms to condensing. The transformation of the two regions
is asymmetric as it is shown in the Figure 4C. The whole
molecular motion is obviously asymmetric.

The characteristic DFT frequencies for H2S4, H2S5, H2S6,
H2S7, H2S8, H2S12, and (CCl3)2S7 are 202.7, 229.4, 187.6, 166.4,
145.7, 100.8, and 112.3/151.7 cm-1, respectively.

This motion appears first in the H2S4 molecule as a precursor
by an SSS bend. In the longer molecules, the motion becomes
clear although the degeneracies appear. (CCl3)2S7 vibrates this
way in two frequencies. Except (CCl3)2S7, which shows this
motion at two frequencies, there is no other indication for a
second normal mode, which generates such a vibration. This
observation applies to the previous helical stretch (1r) as well.
The phenomenon of two normal modes generating the same
helical transformation, as it was met at helical bend, is not met
in helical stretch.

Numbers are falling asn increases. In long molecules such
as H2S12 or longer, slightly mixed character of the vibration is
observed when they are visualized. The characterization of
motion though is very easy and clear as a helical stretch 2r.

8. Helical Stretch 3r.Figure 4D describes the motion as a
longitudinal wave is formed again having three regions of
rarefaction. The left and the right part of the molecule show
one rarefaction each, which transforms to condensing, while
the middle part of the molecule shows one condensing that
transforms to spacing. The transformation of the two terminal
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regions is asymmetric to the middle part, as the figure shows.
The whole molecular motion is symmetric. Rarefaction appears
one per three atoms. Regions of rarefaction are increasing along
the helical chain. So we can meet motions with 3, 4, 5, etc.,
regions of rarefaction as the chain gets longer.

Results in the DFT level are available for H2S8 and H2S12.
There is a degenerate mode at 205.7 cm-1 for the former and
a mode at 143.0 cm-1 for the latter.

This motion appears first in the H2S8 molecule as a precursor.
In smaller molecules a symmetric S-S-S bend exists, but it
has local characteristics and does not generate the motion, as it
should be. Inevitably, the SSS bend mode of H2S8 is the first
in the series that produces the helical stretch 3r.

Frequencies are getting smaller asn increases and give rise
for speculations about mixed character since the values drop in
the region of SSSS torsional modes. Nevertheless, the whole
molecular motion is a clear helical stretch.

9. Helical Breathing.The radiusr of the helix oscillates
betweenr1 andr2, wherer1 < requil < r2 and the oscillation has
the characteristics of a breathing oscillation of a cylinder. Figure
5B explains this motion at DFT level of theory. Note how the
radius of the cylinder becomes slightly smaller in H2S12 and
(CCl3)2S7. In most molecules, the two last S atoms are not parts
of this motion. All the other S atoms are part of this motion
that is symmetric.

H2S4, H2S5, H2S6, H2S7, H2S8, H2S12, and (CCl3)2S7 vibrate
at 445.4, 447.3, 423.3, 423.5 (degenerate), 423.5 (degenerate),
421.1, and 427.6 cm-1 of DFT level of theory, respectively.
Full report of all numbers is given in Table 11S.

The generator of this transformation is S-S stretch. The
precursor of this motion is H2S4. This motion is observed at

every molecule, and it does not depend on the number of sulfur
atoms. Surprisingly, (CCl3)2S7 does not show this motion in
MP2 6-31* level of theory although S-S stretching modes are
present. The vibration is generated by one mode in any case.

Now the frequency of the motion does not drop whenn
increases but it just changes a band. It shifts to 423 cm-1 from
445 cm-1. It is clear that the helical breathing is expected in
the frequency region of SS stretch.

10. Helical Cone.The radius of the helix increases at the
one end and decreases at the other forming a cone (Figure 5C).
The whole molecular motion is asymmetric, but the shape of
cone is generated uniformly.

The frequencies for H2S4, H2S5, H2S6, H2S7, H2S8, H2S12,
and (CCl3)2S7 are 450.7, 449.6, 446.7, 423.4/ 447.5, 424.6-
(degenerate)/448.5(degenerate), 423.2(degenerate), and 456.0
cm-1 of DFT level of theory, respectively.

This transformation is generated from asymmetric S-S stretch
since all the frequencies are in the S-S stretch region. Forn )
3-6 of the H2Sn series, the S-S stretch of the last S-S bond
of each part of the helix, aided by escort S-S stretch in the
middle of the helix, generates this motion. Forn ) 7, 8, another
S-S asymmetric stretch generates a second similar transforma-
tion which is observed only in the highest levels of theory DFT,
MP2. The latter replaces the former in even longer molecules.
Substitution affects the appearance of two similar transforma-
tions as is it shown by the comparison of H2S7 and (CCl3)2S7

in DFT level.
The numbers now lie again in two bands: the first is near

450 cm-1 and the second is close to 425 cm1. Both regions are
active for SS stretching as supported by the literature survey.

Figure 4. Helical stretch 1r, helical stretch 2r, and helical stretch 3r. For (CCl3)2S7, the helical stretch 2r exists in 113.9 and 151.5 cm-1, while the
helical stretch 3r does not exist.
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11. Helical Hyerboloidal-Ellipsoidal.The behavior of the
helix now is to increase its radius at the two ends and,
simultaneously, to decrease it at the middle and vice versa
(Figure 5D). The helix transforms to a hyperboloidal that shifts
to an ellipsoidal when the two extreme positions of the
oscillation alternate. The molecular vibration is symmetric.

This is a transformation that only higher members of the series
show. In general, this means that a particular number of sulfurs
are needed in order the vibration to show up.

H2S8 shows this motion in RHF and MNDO but not in MP2
and DFT levels of theory. Thus, only the number of H2S12 at
the DFT level is presented, which is 426.0 cm-1.

This transformation is also generated by the S-S stretch. In
this case, the precursor cannot be clearly reported since MP2
and DFT do not support H2S8 that other levels do. On the basis
of previous results, the precursor should be between H2S8 and
H2S10.

In general, the S-S stretch calculated bands are in agreement
with the experimental regions of H2Sn and R2Sn.

Conclusions

The main findings of this work are summarized as follows.
The polysulfane family of compounds is proposed here to

serve as a prototype for studying the global transformation of
the helical cylindrical shape, the global bend or stretch of a
molecular helix since it represents a discrete spanning of a
continuous helical curve without the distractions of side attached
atoms.

The computational study of the helical polysulfanes using a
wide range of levels of theory [MNDO, HF/6-31G, HF/6-31G*,-
MP2/ 6-31G*, DFT-B3LYP/ 6-31G*] in applying normal mode
vibrational analysis discover global helical bend attributed to
collective S-S-S-S torsions. Helical bendkc [k ) 1-3] has
been observed where the long molecular axis globally assumes
a transverse wave of the form of a sin curve (0,kπ) [k ) 1-3].

Global helical stretch kr has been recognized as an aggregate
of coordinated S-S-S local bending vibrations building to a
longitudinal wave also fork ) 1-3. The orchestrated individual
S-S stretches have been identified to produce (i) global helical
breathing where the radii of the turns uniformly oscillate, (ii)
transformation of a cylindrical to conical helix, and (iii)
transformation of a cylindrical helix to hyperboloidal helix. This
systematic documentation of the helical molecular vibrations
came up for the first time, to our knowledge, with helical
vibrations yielding conical, hyperboloidal, and ellipsoidal
helices.

As n rises, more helical bending, stretching, and cylindrical
transformations will appear. So in higher members of the series
such as H2S35, a helical bend of 3c, 4c, 5c, and so on is expected
as well as for helical stretching (3r, 4r, 5r). These expectations
are based on MNDO computations for H2Sn [n ) 21, 31, 41,
51]. Longer molecular helices certainly could provide more
waves spanning the molecule (higher values fork).

The frequencies of longitudinal and transverse transformations
exhibit a decrease as the number of sulfur atoms increases.

The frequencies of breathing, conical, and hyperboloidal
vibrations show to be nearly invariant as the number of sulfur
atomsn increase to a value; then the frequencies sustain an
abrupt decrease by∼20 cm-1 and remain constant against
further n increases.

Substances such as helical polymeric selenium, polysilane,
and polyethylene are proposed for the study of the vibrations
described in this work. The geometry of these substances are
governed by similar factors.18,19,65

The interest in low-frequency vibrations has been stimulated
by the discovery of a 15 cm-1 vibration coupled to a functional
electronic transition in a photosynthetic reaction center.66 New
experimental techniques are developed for the detection of low-
frequency vibrations. This systematic analysis of the coordinate
movements of the individual atoms belonging to a helical shaped

Figure 5. Cylindrical transformations: Breathing, conical, and hyperboloidal-ellipsoidal vibrations. For (CCl3)2S7, the conical vibration exists at
456 cm-1, while the hyperboloidal-hellipsoidal does not exist.
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molecule, which can be recognized as a “molecular” wave,
transverse or longitudinal, can also reveal another potential
function. Such a molecular spring, in a proper surface potential,
can be an example of atomic scale engines described re-
cently.67,68

Supporting Information Available: Tables of dihedral
angles and frequencies.. The material is available free of charge
via the Internet at http://pubs.acs.org.
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