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ABSTRACT: Ab initio quantum chemical calculations on short-chain model compounds have been used
to study the conformation, valence electron density, and chain flexibility of halogen-substituted poly-
(thionylphosphazenes) (PTPs) [(NSOX)YNPClz):], (X = F or Cl), which are representatives of a new class
of inorganic sulfur(VI)—nitrogen—phosphorus polymers. The calculations were carried out at the closed-
shell Hartree—Fock level of theory using the Gaussian 92 program package. The electronic wave function
was described by the 6-31G* basis set. The results show that model compounds adopt a nonplanar trans-—
cis conformation in the minimum-energy state. Based on the stable geometries of the short-chain
analogues, the polymer will form a 12/5 helix in its extended conformation. Rigid rotor scans and geometry
optimizations of selected rotamers were used in order to investigate the torsional mobility of the main
chain of the model compounds. The flexibility of the S—N—P and P-N—P bond angles contributes
significantly to the chain flexibility. The torsional barriers for rotations around bonds of the PTP backbone
range from 1.5 to 3.5 kcal/mol. A change from chlorine to fluorine as a substituent on sulfur leads to
lower torsional barriers and wider minima of the rotational potentials and therefore to an increased
torsional mobility of the main chain. The increase in chain flexibility is consistent with trends in glass
transition temperatures of the corresponding polymers. The electronic structure of the model compounds,
including charge density distributions, is briefly discussed. The results indicate strong charge separations
along the backbone of the polymer and in the direction of the substituents bonded to the main chain
which are consistent with Dewar’s island delocalization model.
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Introduction

Research efforts targeting new polymeric materials
with unusual or improved properties have traditionally
focused on organic macromolecules. However, it has
long been recognized that, for certain applications,
carbon-based polymers are subject to a number of
limitations. A possible approach to extend the range
of applicability of macromolecular materials is to explore
and develop the polymer chemistry based on the other
90 or so stable inorganic elements. This would increase
the number of possible different combinations of the
elements which form the main chain. Compared to
carbon-based polymers, the novel structures will have
a different skeletal geometry which can result in
unusual conformations and conformational statistics.
These structural differences will inevitably result in
novel properties. Also, with the larger number of
structural degrees of freedom, the tunability of the
polymeric materials is increased. This allows us to
design polymers according to specific requirements (e.g.,
elastomeric applications, durability in harsh environ-
ments, etc.). Even though the potential of inorganic
polymers is obvious, the number of well-characterized
examples of these materials is limited. Types of well-
known inorganic polymers include polysiloxanes, poly-
silanes, polyphosphazenes, and transition-metal-based
macromolecules.!—3

Because a part of our research involves developing
routes to novel classes of inorganic macromolecules, we
have undertaken a systematic study of the synthesis
and properties of poly(thionylphosphazenes) (PTPs)
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Figure 1. Repeat unit of the PTP polymer. X =F,C]; R =
Cl, p-OCsH4Ph, etc.

which possess backbones of sulfur(VI), nitrogen, and
phosphorus atoms.*® We found that the cyclic thio-
nylphosphazenes undergo thermally induced ring-open-
ing polymerization and yield hydrolytically sensitive
poly(thionylphosphazenes) [(NSOX)(NPCly).], (X = F or
Cl; see Figure 1). In reactions of these polymers with
sodium aryloxides, moisture-stable poly[(aryloxy)thio-
nylphosphazenes] [NSOCHNP(@-OCsHPh)2]s], were ob-
tained. Manners and co-workers determined glass
transition temperatures of substituted PTPs which
range from Ty = —56 to +55 °C.5

Our goal is to gain an understanding of structure—
property relations of these polymers which are based
on the molecular characteristics of the macromolecules.
The glass transition temperature of a polymer is gov-
erned by intra- and intermolecular interactions which
influence cooperative motions of chain segments. One
of the factors which determines T, is the torsional
mobility of the polymer backbone: a high torsional
flexibility will result in low glass transition tempera-
tures.5=8 In contrast, polymers with a rigid main chain
will exhibit high glass transition temperatures.

In this paper we report on the results of our ab initio
calculations which were used to study the structure and
chain flexibility of halogen-substituted PTPs. We use
small molecular weight analogues of PTPs which consist
of one repeat unit of the polymer in order to carry out
the computations. These analogue structures—often
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called “mimics”—are used to simulate the conforma-
tional energy map of the polymer. First we will discuss
the ground-state geometries of model compounds with
fluorine or chlorine bonded to sulfur and chlorine
bonded to phosphorus. Then we will determine the
torsional potentials of selected bonds of the main chain.
The torsional potentials describe how much energy is
required to rotate a part of the molecule around a bond
and, therefore, are a quantitative measure of the
torsional flexibility of the polymer.

Ab Initio Molecular Orbital Calculations of
Molecular Geometries and Torsional Potentials

Ab initio quantum mechanical calculations solve
Schridinger’s equation of the molecular electronic wave
function for a given molecular geometry.® A basic result
of the ab initio calculations is the energy of a molecular
geometry with respect to the quantum chemical stan-
dard state (i.e., the state where all electrons and nuclei
of the compound are infinitely separated). The energy
of a molecule as a function of its internal coordinates
(i.e., all bond lengths and bond and dihedral angles
which are necessary in order to define its geometry) is
commonly referred to as the potential energy surface
of the molecule. The ab initio calculations determine
points of the potential energy surface. The stable
conformations of a molecule correspond to minima of
the potential energy surface. Therefore, minimizing the
energy of a molecule as a function of its internal
coordinates will determine its stable conformations. The
procedure of searching for the stable conformations is
called geometry optimization. The energy which is
needed to rotate parts of a molecule around a given bond
is—at least in theory—easily obtained. As a first step,
the stable conformation of the molecule is determined.
Starting from the stable conformation, the energies of
the conformers which form during a given rotation are
calculated. These energies represent the torsional
potential of the rotation. Therefore, ab initio calcula-
tions provide a useful way to map the torsional potential
of rotations around specific bonds. At this point, we
want to emphasize a characteristic of the ab initio
method: Interactions between the molecule and, e.g.,
solvent molecules or neighboring molecules are usually
not included in the calculations. Therefore, the results
of ab initio calculations only apply for an individual
molecule in the gas phase.

The drastic increase in computer time which is needed
for calculations on “larger” compounds is the major
limitation of the applicability of the ab initio method in
polymer science: the computer time required increases
approximately with the fourth power of the number of
atomic orbitals which are used to carry out the compu-
tations.’® In order to overcome this problem, the
possibility of using less costly semiempirical or classical
force field (molecular mechanics) calculations has been
evaluated. Unfortunately, these methods rely on a set
of parameters for the compound to be studied which can
only be obtained from experimental data. Since suitable
parametrizations for PTPs are not yet available, semiem-
pirical and classical force field calculations were ruled
out for our study.

In order to avoid lengthy computations, we chose a
model system which represents the geometry and flex-
ibility of the polymer backbone in an adequate way and
allowed us to carry out the ab initio calculations in a
reasonable period of time. We performed the calcula-
tions on two low molecular weight analogues. The
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Figure 3. Chemical structure of “mimic 2”. X =TF, CL

model compounds or mimics consisted of one polymer
repeat unit which was completed on both ends with a
methyl group (see Figures 2 and 3). In another part of
our study we rearranged the repeat unit in order to
assess the effect of the methyl end groups on the
molecular geometry.

We used two approaches to study the torsional
potentials. In order to gain a first impression of the
torsional flexibility of the polymer backbone, we per-
formed a series of “rigid rotor scans”. In the “rigid rotor”
approximation all bond lengths, bond angles, and re-
maining dihedral angles are kept fixed while a part of
the molecule is rotated around a bond. This means that
the rigid rotor approximation yields an upper limit for
the actual torsional potential.

In addition, we compared the results of the rigid rotor
scans with results of “fully optimized” or “relaxed” scans
around selected bonds. In the relaxed scans the ener-
gies of fully optimized structures which form during a
rotation are determined. Therefore, the relaxed scans
will yield torsional barrier shapes of the torsional
potentials which are close to the ones in reality.

The rigid rotor scans are—compared to the relaxed
scans—significantly less time-consuming, since geom-
etry optimizations are omitted while one part of the
molecule is rotated around a bond. Therefore, the rigid
rotor approximation is not successful in determining
absolute barrier heights and shapes of torsional poten-
tials. However, the rigid rotor model is capable of
reproducing changes in torsional potentials caused by
different substituents.®

We chose model compounds with chlorine substitu-
ents on the phosphorus atoms of the backbone and
fluorine or chlorine substituents on sulfur atoms of the
backbone. The chemical synthesis and some charac-
teristics of these compounds have been reported earlier.
These results showed that if Cl instead of F is bonded
to sulfur, the glass transition temperature of the
polymer increases by 10 °C from —56 to —46 °C.
Fluorine and chlorine are “small” substituents compared
with, e.g., aryloxy groups, and so the calculations can
be completed in a reasonable period of time. Moreover,
single atoms are cylindrically symmetric substituents.
Therefore, we do not neglect a torsional degree of
freedom if we apply the rigid rotor approximation. The
major shortcoming of the rigid rotor approximation is
the neglect of the flexibility of the S~N—P and P-N—P
bond angles. A comparison of the results of rigid rotor
scans and energies of geometry-optimized rotamers
(relaxed scans) will show the contribution of the flex-
ibility of the S—N—P and P—N-P bond angles to the
torsional mobility of the PTP backbone.

Method of Computation

We used a HP 755 workstation and a Indigo SGI RS
4000 workstation in order to perform the Gaussian 92
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ab initio calculations.!12 The calculations were carried
out at the closed-shell Hartree—Fock SCF level of
theory, using the 6-31G* polarized split-valence basis
set for the gaussian orbital wave functions. The pro-
gram employs a gradient method for geometry optimi-
zations.

Polarized split-valence basis sets include additional
atomic orbital functions in order to enhance the capabil-
ity of the algorithm to model the molecular orbitals.
Minimal basis sets only consist of the number of atomic
orbital functions which is required to accomodate all of
the electrons of the atoms. Split-valence basis sets
include two sets of valence orbitals which enable the
algorithm to expand and contract the wave functions
in response to differing molecular environments. A
polarized basis set incorporates functions of higher
angular momentum number than are needed by the
atom in its electronic ground state (p-type orbital
functions for hydrogen and helium, d-type orbital func-
tions for second and third row elements). The “polar-
ization functions” permit displacements of the center of
the electronic charge away from the nucleus of the atom.

We determined the influence of electron correlation
for two conformations, using single-point 2nd-order
Mgller—Plesset perturbation theory calculations.

The graphical representations of the model com-
pounds were created with the CERIUS molecular
modeling software package.!3

Stable Geometries of the Model Compounds

The stable geometry of short-chain analogues of PTPs
with several different substituents has been the subject
of our previous studies.!%!5 The results for chlorine as
a substituent on phosphorus and chlorine or fluorine
as a substituent on sulfur are reviewed in this paper.
In our previous studies and in the discussion which is
presented below we conclude that the model compounds
adopt a nonplanar trans—cis conformation (see Figures
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Figure 4. Trans—cis conformations of mimic 1 with F as a
substituent bonded to sulfur.

CH;

Figure 5. Trans—cis conformations of mimic 2 with Cl as a
substituent bonded to sulfur.

4 and 5). The values of the bond lengths, bond angles,
and dihedral angles in the stable conformation are
shown in Table 1. In order to assess the accuracy of
the calculated bond lengths, bond angles, and dihedral
angles, we carried out a RHF/6-31G* geometry optimi-
zation and an X-ray diffraction study on a bis(phos-
phazo) sulfone.® The results showed that the ab initio
calculation reproduced the measured bond lengths of the
main chain (i.e., S—N and P=N bond lengths) with an
accuracy of +0.009 A. The bond lengths for substituents

Table 1. Bond Lengths, Bond Angles, and Dihedral Angles of the Model Compounds

mimic 1 trans—cis

mimic 2 trans—cis mimic 2 cis—trans

X=F X=Cl X=F X=Cl X=F X=0Cl
Bond Lengths (A)
N3—81 1.572 1.580 1.570 1.577
Sl=N! 1.503 1.515 1.513 1.522 1.483 1.492
Ni—p! 1.628 1.627 1.631 1.632 1.632 1.631
Pl=N2 1.531 1.531 1.500 1.499 1.495 1.494
N2—p2 1.608 1.607
P2=N3 1.509 1.509 1.554 1.556 1.556 1.559
0=5! 1.414 1.423 1.409 1.417 1.421 1.429
X8t 1.558 2.022 1.556 2.026 1.559 2.026
P—Cl 2.025 2.026¢ 2.023¢ 2.0232 2.0182 2.0232
Bond Angles (deg)
ZP2N3g! 130.8 130.4 128.9 128.1
ZN3SIN! 107.4 106.4 112.9 112.0
ZOSIN? 122.3 121.4 122.0 121.0 116.9 116.1
ZSINIP1 128.9 128.4 126.9 127.0 139.8 139.7
ZN'PIN2 112.8 112.8 115.5 115.5 118.8 118.8
ZPINZp2 133.5 133.9
ZN2P2N3 115.1 115.2
Dihedral Angles (deg)

ZC1P2-N3gt 184 182 -53 -52
£P2N3—SIN! -12 -9 145 138
ZN3S81-N2pt 182 186 27 19
£0IS1-N!Ip? —49 -50 —47 —45 161 150
£S'N!-PIN? —-28 -30 -29 -32 163 167
£N1P1-N2p2 181 182
ZPIN2-P2N3 1 2
£NZP2-N3C? 180 180

@ An average value of the corresponding quantities. A dihedral angle ¢ = 0 corresponds to the cis conformation.
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bonded to the main chain differed by a maximum of
+0.031 A. The maximum difference between measured
and calculated bond angles was 3.5°. The calculations
did not systematically over- or underestimate bond
lengths and bond angles. We observed significant
differences in dihedral angles resulting from calcula-
tions and dihedral angles obtained from the X-ray
diffraction study. This result is consistent with our
findings concerning the rotational mobility of the main
chain, which will be discussed in the subsequent sec-
tions. The calculated geometry represents a molecule
in the gas phase. The conformation of a molecule in
the crystalline phase is (in particular for highly flexible
molecules) strongly influenced by strains which are
imposed on the molecule by crystal packing.

Geometry of the Ground-State Trans-Cis Con-
formation. The stable conformation exhibits a pattern
of slightly alternating bond lengths along the main
chain. The longer, “single” bonds lie parallel to the
direction of the main chain, and the shorter “double”
bonds are almost perpendicular to the direction of the
main chain. The average difference between single and
double phosphorus—nitrogen bonds is 0.11 A. This
result is in contrast to X-ray studies on substituted
linear phosphazene oligomers and poly(dichlorophos-
phazene) (PDCP) which were performed by Allcock and
co-workers.1’-19 They considered bond length alterna-
tions of 0.05 A for the phosphazene oligomers as
insignificant and suggested several models for the
structure of PDCP with no P—N bond length alterna-
tions. Two questions arise from these contradicting ob-
servations: Are the bond length alternations which are
observed in the ab initio results real? If the bond length
alternations observed for short-chain molecules of PTPs
exist, what are the consequences for the corresponding
polymer?

Roesky and co-workers determined the structure of
a silylated derivative of the phosphazenium salt [HoN-
PPheNPPh,NH;]*Cl~ using X-ray diffraction and ob-
served bond length alternations in the range of 0.06—
0.12 A20 An ab initio study on short-chain model
compounds of poly(methyloxothiazene) ((N=S(0)Mel,)
carried out by Roy et al. showed slightly alternating
bond lengths between sulfur—nitrogen bonds.2! An-
other X-ray diffraction study on PDCP carried out by
Chatani and Yatsuyanagi suggests a trans—cis confor-
mation with glide symmetry and significant P—N bond
length alternations.2? Ferris and Duke observed bond
length alternations in an ab initio study of short-chain
analogues of polyphosphazenes.?? They suggested—with
regard to the structure of polyphosphazenes proposed
by Allcock—that the end groups cause the alternation
of P—N bond lengths along the main chain. Since the
influence of the end groups is more prominent in short
linear species than in the polymer, they concluded that
the bond length alternations are a characteristic of low
molecular weight molecules. Although chemical bond-
ing in linear phosphazene, oxothiazene, and thionylphos-
phazene backbones cannot be interpreted in terms of
single and double bonds, we believe that the slight
alternations of bond lengths observed in small, linear
molecules of substituted thionylphosphazenes are real.
Unlike in cyclic small molecules of phosphazenes or
thionylphosphazenes, the trans—cis conformation of a
linear molecule possesses no symmetry which forces a
molecular geometry with equal P—N or S—N bond
lengths to be a stationary point of the potential energy
surface. On the basis of this conclusion, one might ask
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Figure 6. Helical structure of the PTP polymer with chlorine
as a substituent on sulfur and phosphorus in its extended
conformation. The oxygen atoms on sulfur are colored white
in order to make the helix pitch visible.

whether cyclic molecules represent better model systems
for the bond structure of the polymer since they are—in
contrast to short-chain linear molecules—not influenced
by end-group effects. Longuet-Higgins and Salem in-
vestigated alternating bond lengths in cyclic polyenes
(Can+2Hyn+2) and concluded that a configuration of equal
bond lengths becomes unstable with respect to a con-
formation with alternating bond lengths in the limit n
— 0,24 (Considering Ferris and Duke’s as well as
Longuet-Higgins and Salem’s conclusions on bond length
alternations, we can state that both linear and cyclic
small molecules have certain shortcomings as model
systems for the corresponding polymer. However, for
our purpose we have to rule out cyclic molecules, since
full rotations of a part of a molecule around a bond of
the main chain can only be performed with linear
molecules.

The two different substituents on sulfur cause the
molecule to deviate from a planar trans—cis conforma-
tion. Due to the nonplanarity of the PTP monomer unit,
the PTP polymer will form a helix in its stretched
conformation. We used the molecular geometries of
mimic 1 and mimic 2 in order to determine the helix
type. The polymer chain forms to a good approximation
a 12/5 helix with a 86-A-long repeat unit which consists
of 12 monomers (see Figure 6).

A Local Minimum of the Potential Energy Sur-
face: The Cis—Trans Conformer. We used the stable
conformations of the model compounds as starting
points for rigid rotor and relaxed scans. If the trans—
cis conformation is inspected, it becomes obvious that
this structure is well suited for scans around the single
bonds which lie parallel to the direction of the main
chain. For a full rotation around a double bond,
extensive rearrangements of the conformation of the
molecules are necessary in order to avoid that one end
of the molecule interferes with the other end. Since the
rigid rotor model does not allow any relaxation of the
molecular geometry during the rotations, the rigid rotor
approximation would fail to give reasonable results for
a full rotation around double bonds. The relaxations
of the molecular geometry for a fully optimized scan
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Figure 7. Cis—trans conformations of mimic 2 with F as a
substituent bonded to sulfur.

Figure 8. Cis—trans conformations of mimic 2 with Cl as a
substituent bonded to sulfur.

around one of the double bonds would require time-
consuming geometry optimizations. This problem led
us to ask the question of whether another stable
conformation of the molecules exists—one in which the
double bonds lie parallel and the single bonds lie almost
perpendicular to the direction of the main chain. A
change of every dihedral which describes the orientation
of the main chain by 180° generates the starting point
for a geometry optimization for the cis—trans conforma-
tion. The geometrical parameters for the optimized cis—
trans conformations of mimic 2 are also shown in Table
1. The cis—trans conformers correspond to a local
minimum of the potential energy surface which lies 6.87
(X =F) or 7.05 kecal/mol (X = Cl) higher than the
absolute minimum. Thus, the double bonds cannot be
parallel to the direction of the main chain in the ground
state.

If we compare the SIN1P! bond angles of the trans—
cis conformers (£SNP! = 126.9°) with the correspond-
ing bond angles for the cis—trans conformers (£SIN1P!
= 139.8°), we observe that these angles show an unusual
flexibility compared to N—P—N or N—S—N bond angles.
Earlier studies on linear short-chain or cyclic species
of substituted phosphazenes!”!® and short-chain ana-
logues of substituted PTPs!415 already reported on the
flexibility of P-N—P and S—N—P bond angles: the
corresponding values depend strongly on the substitu-
ents which are bonded to the main chain as well as on
whether species with a linear or cyclic backbone are
investigated.

The methyl end groups of the model compounds in
the cis—trans conformation are not in the plane defined
by the S, N3, and P2 or the N, P!, and N2 atoms (see
Figures 7 and 8). This is in contrast to the results
obtained for the trans—cis conformation.

Valence Electron Density of the Model Com-
pounds. The charge density of the valence electrons
of mimic 2 with fluorine as a substituent on sulfur is
displayed in Figure 9. The valence electron density
exhibits nodes at both phosphorus and sulfur and a
buildup of electron density at nitrogen. This charge
distribution is in agreement with the classical picture
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Figure 9. Charge density of the valence electrons of mimic 2
with fluorine as a substituent on sulfur. The surface denotes
the volume which includes 85% of the charge density of the
valence electrons.

Table 2. “Mimics” Which Were Chosen for Particular
Bond Rotations

dihedral angle model compound

ZCI3P?=N38! mimic 2, cis—trans conformation
ZP2N3—S8IN! mimic 2, trans—cis conformation
£N381=N!p? mimic 2, cis—trans conformation
£SIN1—PIN2 mimic 2, trans—cis conformation
ZPIN2—P2N3 mimic 1, trans—cis conformation

of bonding in linear and cyclic phosphazenes involving
the island model elucidated by Dewar.25 This model
states that a delocalization of valence electrons occurs
over only three atom P—N—P units. The charge density
adopts an “islandlike” structure with nodes on phos-
phorus and high charge densities around nitrogen. The
calculations show that the molecule possesses a highly
polar backbone. Various population analysis schemes
like the Mulliken population analysis2® and the natural
population analysis?” assign strong partial charges to
the skeletal atoms. We therefore anticipate that elec-
trostatic repulsion or attraction of atoms will give a
significant contribution to the intra- and intermolecular
interactions. A study of the solution properties of poly-
[(aryloxy)thionylphosphazene] [NSOCI[NP(p-OC¢Hy-
Ph)slsl, by dynamic light scattering and viscometry
showed that a small amount of the quaternary am-
monium salt [BusN1Br reduces the effective hydrody-
namic radius of the macromolecules in dilute solutions.
The shrinking of the radius of the coil was interpreted
in terms of an interaction of the partial electronic
charges of the polymer skeleton and the salt.28

Rotational Flexibility of the PTP Backbone

We investigated the torsional flexibility of five bonds
of the PTP backbone using the rigid rotor approxima-
tion. All scans were carried out for fluorine as well as
for chlorine as a substituent on sulfur. For three bonds
we determined optimized geometries and energies of
selected rotamers which form during the torsions. In
order to minimize the influence of the methyl end groups
on the torsional potentials, we chose the mimics for the
scans where the rotated bond was situated close to the
center of the molecule. Table 2 summarizes the mimics
which were chosen for particular bond rotations.

Rigid Rotor Scans. We performed the rigid rotor
scans in 30° steps, starting from the stable conformation
of the model compounds. The results of the rigid rotor
scans are displayed in Figures 10 and 11. A comparison
of the results for different substituents on sulfur shows
that the substituents influence the rotational flexibility
of the main chain. The change of chlorine to fluorine
as a substituent on sulfur leads to lower torsional
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Figure 10. Torsional potentials of the N8—S! (a), S}=N* (b), N2—P? (¢), and P?=N? (d) bonds. Open symbols denote results of
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Figure 11. Torsional potential of the N!—P! bond. Open
symbols denote results of rigid rotor scans; filled symbols
denote results of relaxed scans. The top x-scale shows the
angle by which one part of the molecule was rotated, starting
from the stable geometry. The bottom x-scale displays the
absolute torsional angle where ¢ = 0 corresponds to the cis
conformation.

barriers and wider global minima for four of the
potentials. Only the flexibility of the N2—P2 bond of the
“phosphazene” end of mimic 1 (potential ¢ in Figure 10)
is not affected by the change of the substituent on sulfur.
This observation justifies the use of low molecular

weight mimics in order to simulate the chain flexibility
of the PTP polymer: the torsional mobility of a bond is
governed by its local molecular environment which is
the substituents closest to the selected bond of the main
chain.

The shape of the torsional potentials which were
obtained with the “rigid rotor” approximation can be
explained by nonbonded interactions of the substituents
bonded to the main chain. We chose the rotational
potential which is displayed in Figure 11 as an ex-
ample: The rotational potential of the N1-P! bond
exhibits three maxima for chlorine as a substituent on
sulfur. The first maximum occurs at the dihedral angle
£SIN'-PIN? = 90° (see Figure 12b) which minimizes
the distance between chlorine on sulfur and substituent
C12 on phosphorus. A further rotation around the N—
P! bond leads to the global maximum of the torsional
potential which corresponds to the eclipsed position of
substituents on sulfur and substituents on phosphorus
(£SIN1-PIN2 = 150°; see Figure 12¢). The conforma-
tion for which the distance between oxygen on sulfur
and Cl! on phosphorus becomes minimal can be as-
signed to the third maximum (£SIN1-PIN2 = 240°; see
Figure 12d). If chlorine is replaced by fluorine on sulfur,
the first maximum disappears. We were able to quali-
tatively reproduce the results of the rigid rotor scans
by calculating the electrostatic interaction between the
partial atomic charges determined with the Mulliken
or natural population analysis. The barrier heights
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Figure 12. Ground-state conformation and three rotamers of mimic 2. The rotamers correspond to relative and absolute maxima
of the rotational potential which was obtained with the rigid rotor approximation.
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Figure 13. Change in the S'—N'—P! bond angle during a
torsional motion around the N!—P! bond and the change in
the P!—N2—-P2 bond angle during a torsion of the N2—P2 bond.

obtained with the rigid rotor approximation (which
range from 3.5 to 13 kcal/mol for fluorine as a substitu-
ent on sulfur and range from 7.5 to 16 kcal/mol for
chlorine as a substituent on sulfur) provide an upper
limit for the actual torsional barriers. Furthermore, the
shape of the preceding torsional potentials will change
if the molecular geometry is relaxed during a rotation
around a bond.

Relaxed Scans. We carried out geometry optimiza-
tions of rotamers which form during torsions around the
N1-P!bond (see Figure 11), the S1=N! bond (see Figure
10b), and the N2—P2 bond (see Figure 10c). The S—-N-P
and P-N—P bond angles change significantly during a
full rotation of a part of the molecule. The S1-N!1—P1
bond angle opens by approximately 10° for both F and
Cl as a substituent on S (see Figure 13); the SI-N1-P!
bond angle widens by 2.8° for F as a substituent on S
and by 6.3° for Cl as a substituent on S. The P1—-N2—
P2 bond angle of the “phosphazene end” of the monomer

Table 3. Torsional Barriers Obtained by Rigid Rotor and
Relaxed Scans

torsional barrier (kcal/mol)

bond relaxed scan rigid rotor scan
N-PLX=F 3.05 10.5
NI-PL X =Cl 3.5 11.9
St=NL,X=F 1.5 33
Sl=NL, X =Cl 1.85 7.6
N2—-pP2,X=F 2.79 8.45

shows the most dramatic change during a rotation: it
is widened by 25.5° in the eclipsed position (F as a
substituent on S). The widening of the S—N—P and
P—N-P bond angles decreases the repulsive interaction
of the S(OX) and the P(Cl;) moieties and therefore
lowers the torsional barriers. The torsional barriers for
the three torsional motions are shown in Table 3.

The barriers range from 1.5 to 3.5 kcal/mol. The
difference between the torsional barriers which were
obtained, on the one hand, by geometry-optimized
molecular structures and, on the other hand, by the
rigid rotor approximation shows that the flexibility of
the S—N—P and P-—N—-P bond angles contributes sig-
nificantly to the torsional mobility of the PTP backbone.

Effects of Electron Correlation. In order to esti-
mate the effect of electron correlation on the torsional
potentials, we carried out single-point 2nd-order Mgller—
Plesset perturbation theory (MP2) calculations. We
used the RHF/6-31G* geometries of the stable geometry
of mimic 2 and the geometry-optimized RHF/6-31G*
structure of the eclipsed conformation for a rotation
around the P!1—N! bond. In both cases we used the
compounds with fluorine as a substituent X on sulfur.
Electron correlation lowered the energies for the stable
structure and the eclipsed conformation (E(RHF) =
—3333.6997 hartree, E(RMP2) = —3335.6841 hartree
for the stable conformation; E(RHF) = —3333.6948
hartree, E(RMP2) = —3335.6794 hartree for the eclipsed
conformation). The difference between the energies of
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stable conformation and eclipsed conformation drops
from 3.05 to 2.96 kcal/mol (which is a 3% change) if
electron correlation effects are considered. Thus, elec-
tron correlation effects have only a minor influence on
the magnitude of the torsional barrier.

Summary and Outlook

We used ab initio molecular orbital calculations on
short-chain model compounds in order to study the
conformation, bonding, and chain flexibility of sub-
stituted poly(thionylphosphazenes) (PTPs) [(NSOX)-
(NPClg)el, (X = F or Cl). The results of the geometry
optimizations show that the model compounds adopt a
nonplanar trans—cis geometry as their lowest energy
conformation. The nonplanarity is caused by the two
different substituents on sulfur. Therefore, it is likely
that the PTP polymer will form a helix in its extended
conformation. On the basis of the geometries of the
short-chain analogues, we determined a 12/5 helix for
the polymers with chlorine as a substituent on phos-
phorus and fluorine or chlorine as a substituent on
sulfur. We found a stable cis—trans conformation of
mimic 2 as a higher energy conformation.

The torsional flexibility of five bonds of the main chain
was investigated with rigid rotor scans and geometry
optimizations of selected rotamers. A comparison of the
results of the rigid rotor scans with the results for
geometry-optimized rotamers showed that the flexibility
of the S—N—P and P-N-P bond angles contributes
significantly to the rotational flexibility of the polymer
backbone. During a full rotation these angles are bent
open by up to 25.5°. The torsional barriers range from
1.5 to 3.5 keal/mol. The change from chlorine to fluorine
as a substituent on sulfur lowers the torsional barriers
and widens the minima of the torsional potentials. This
increases the flexibility of the polymer backbone and
therefore is consistent with the lowering of the glass
transition temperature (To(X=F) = —56 °C, T,(X=Cl)
= —46 °C). Electron correlation has a negligible influ-
ence on the height of the torsional barrier, In addition,
the results of the rigid rotor scans show that the
torsional flexibility of a bond of the main chain is
governed by its immediate molecular environment. This
underlines the relevance of the calculations on the chain
flexibility of low molecular weight analogues for the
polymeric system.

The charge density distribution of the valence elec-
trons of the model compounds can be described by the
island delocalization model developed by Dewar. The
results indicate strong charge separations along the
skeleton of the model compounds. This suggests that
electrostatic interactions will play an important role in
intra- and intermolecular interactions.
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