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Abstract

The structure and conformational stability of poly(thionylphosphazencs) and classical
poly(phosphazencs) is investigated by modeling single polymer chains with small mimics.
“Phe model compounds are composed of repeat units of the corresponding poly(thionylphos-
phazenes) and classical poly(phosphazenes). Two of the model compounds of poly(thionyl-
phosphazencs) have hydrogens and two have chlorines as substituents on phosphorus

atoms. All madel compounds of classical poly(phosphazenes) have only chlorine sub-

stituents on phosphorus atoms. In paly(thionylphospl ) the substi on sulfur

may be cither fluorine or chlorine. Fully geometry optimized structures and energics of

the stable conformations involving rotations around P-N bond are obtained using the

density functional theory method. The objeetive of this work is to investigate the flexibil-

ity of the chain backl of the cor ding poly(thionylphospl ) and classical

poly(phosphazencs). 1t has been found that for all model compounds the non-planar
transecis conformations have the lowest total energies. The structural aud conforma-

indicate that the rotation around N-P bond leads to variations in the

tional analys
hond lengths, the SNP, PNP bond angle openings as well as couplings between diledral
angles in different, conformations in all model compounds. 1t was found that the values

of the conformational energy

for poly(thi range between
0.6 1o 5 keal/mole end for classical poly(phosphazenes) 0.3 to 1 keal/mole. The effects
of the sulfur and different substituents of sulfur, on conformational stability are dis-

cussed. “The plots of radial density distribution function, D(r)=47r?p(r) computed from

the spherically averaged numerical density are presented and analyzed. Using the spher-

ically averaged total clectron densities it is shown that the charge along the backbones of



the model compounds is partially delocalized and accunulates primarily on the nitrogen

atoms. The conformational analysis

results will be correlated with the experimentally

obtained glass transition temperatures.



Chapter 1

Introduction

Polymers with backbones consisting entirely of inorganic clements possess a wide range
of wnusnal properties and potential applications [1]. In this work we are interested in
investigating the structure, the conformational stability and the clectron charge distribu-
tion along the backbone of inorganic polyniers, poly(thionylphosphazenes) (PTPs) and
elassical poly(phosphazencs) (CPP) using a quantum mechanical method.

The general formulas for the PTPs and CPPs polymer repeat units are shown in
fignres 1.1 and 1.2 where R' and R? are side groups that may cousist of siugle atoms or

gronps of atows [2, 3,4].

R R? jiH

Figure 1.1: The monomer unit of PTP chain.
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R’

Figure 1.2: The monomer unit of CPP clhain.

At the turn of the 20 century, LN, Stol [5, 6, 7] an American chemist, first

1
reported that chlorophosphazenes, when heated, were transformed into an clastomerie
material known as ‘inorganic rubber’, and he suggested a cyclic structure for ehlorophos-
phazenes. It was not known that inorganic rubber was a high polymer with thousands
of repeating units linked end to end. During the next 40 years this material was ignored
uy the mainstream scientists of the day, hecause of the insolubility of the polymer in
all known solvents and its hydrolytic instability in the atmosphere. X-ray diffraction
experiments by Meyer, Lotmar, and Pankow [8] in 1936 strongly suggested that this
material contained linear high polymeric chain (NP(Cly)),.. Intensive rescareh in this
arca began only after mid-1960s with publications of three papers by Alleock, Kugel,

and Valan [9, 10, 11]. The hydrolytic sensitivity implics a bigh reactivity of the

€1 bonds, which might be utilized as a principal advantage in the design of new ma-

Lerials. Replacement of the chlorine atoms by hydrolytically stable orgasic gronps,
provides access 1o a very broad range of stable organic derivative polymers, A lin-

rizalion

ear poly(dichlorophosphazenc) polymer is preparcd by the ring opening polyme
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of hexachlorocyloftriphosphazenc), (NP(Ch))y. When dissolved in a suitable solvent,
poly(dichlorophospliazenc) was found to behave as a remarkable macromolecular reac-

tant. “The total replacement of the chlorine atoms by the organic units is possible. Thus,

the most important feature of poly(phosphazenc) chemistry is that this synthesis allows
for a large varicty of side groups to be attached to the backbone which in turn produces
waterials with a broad range of propertics [10].

Long-chain polymers based on a skelelon of alternating phosphorus and nitrogen

atoms are the “parent’ systems for other that contain phosphorus, ni-

trogen, and some other clements in the skeletal system. One example of this type of
system is PTP which contain sulfur, nitrogen, and phosphorus in the backbone. The
first, well-characterized PTPs, were reported in 1990 [12]. Typically PTPs are synthe-
sized in the thermal ring-opening polymerization in which cyclic thionylphosphazenes
[(NSOR")(NP(C12))] (R'=Cl or F) open to produce a hydrolylically sensitive glssy ma-
terials [2, 3, 4].

Even though the phosphorus based polymers are al a very early stage of develop-
ment, unusual and unique features in the chemistry and material properties are already
emerging [1]. They have some of the lowesl glass transition temperatures (Tys) known
in polymer chemistry [1]. These unusual properties of a polymer depend very much on
the underlying molecular structure, nature of the skeleton, and the type of side groups
attached Lot [2]. For example (NP(Cly)), has a T, of —63 °C, [(NSOR!)(NP(Cl;))} with
R'=C1 has a Ty of =46 °C and with R'=F has a T, of —56 °C. This example illustrates
the sensitivity of Ty to substituents and to the presence of a N=S(0)X moiely in the
place of a N=PX, (where X=C1) in chlorine substituted CPPs and PTPs.

The phenomena of glass transition is not very well understood [13], however it is

believed that a close connection exists between the skeletal flexibility of the polymer

and the glass transition temperature T, Below the glass transition temperature, the



Chapter 1. Introduction 4

polymer is a glass, and the backbone bonds have insufficient thermal energy to undergo

significant torsional motions. As the temperature is raised above the Ty, an onsel of

torsional motion occurs, such that individual molecules can now twist and yield to stross
and strain. L this state the polymer is a quasi-liquid. Thus, a polymer with a high T, is
believed to have a backbone that offers more resistance to hond torsion than a polymer
with low T,

The practical uses of various polymers depend greatly on their Ty value. For example,

polystyrenc with a T, of 100°C is applicable for use as a hard glassy material. Ethylene

propylene copolymer with a T, of about —60°C is used as a rubber. The main structural
factors resultingin an increase of Ty are related to the increased strength of intermolecular
forces and the increased difficulty of internal rotations in single polymer chams. For
instance, polystyrene has a T, of 100°C and poly(acenaphthalenc) has a Ty of 285°¢,
The latter exhibits a much higher hindrance to rotation than does polystyrene.

In summary, it is believed that low glass transition temperature is indicative of

high torsional mobility of the single polymer chain [13]. Iligh chain flexibility can be

understood either in a static or in a dynamic sense [11]. The important, physical quantity
in the determination of static flexibility of the chain is its persistence length. A a given

temperature T, the persistence length of the chain is a fusction of conformational eneigy

nce length) [14]. The

differences (the larger the energy differences, the larger the pei

ratio between the persistence length and the total length of the chain determines the chain

flexibility (the smaller the ratio, the greater the static chain flexibility). The dynamic

flexibility is a function of the interconversion time interval hetween the minima. At a
given temperature this time interval dupends mainly on the height of the energy barriers
and the breadth of the minimum cnergy wells (the heigher the rotational energy barriers
the longer the interconversion time interval). Ilence, the chain flexibility is mainly a

function of three factors:
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(i) The magnitude of the conformational energy differences hetween the local minima
and the global minimum energies;
(ii) The breadth of the minimum energy wells and;
(iii) The: height of e encrgy barricrs between the principal well.
Inn this thesis, only the conformational encrgy differences will he computed.

The main motivation behind this work is to determine if the changes in T, (due to
the replacement of chlorine by fluorine on sulfur in PTPs and P(Cly) by S(OCI) in CPP
backhone) can be esplained in terms of the corresponding enhancements in the chain

Aexibilities, From an experimental point of view, PTPs and CPPs form amorphous

solids [12] and thus conventional scalering lechniques can not be directly applied to

structures and energies of these systems. From a computational point of view, it

diffienlt. to determine the molecular structure of these polymers because of their

large size. We investigated the structure and the torsional stability of PTPs and CPPs
by modeling single polymer chains with small segments of the chains. Small molecules
provide eritical data about bond lengths, bond angles and torsioual angles that could not
be obtained direetly. The model conpounds are composed of repeat units of PTPs and
CPPs with methyl end groups (see figures 1.3, 1.4).

We nse density finctional theory (DFT) method which has been employed successfully
in predicting the geometries for a number of molecular systems. We employ a molecular

DI (15, 16] program called deMon [17] to perform the complete geometry optimizati

This approach was chosen hecase it is more computationally expedient than the usual
moloeular orbital (MO) methods for the large molecular systems that we are considering.
“I'his work also serves as a test of using this approach for the inorganic molecules with
imuich Targer substitients on phosphorus atoms at a later stage of the investigation. The
study of a PTP or CPP polymer molecule with degrees of polymerization typical for

materials wsed in practical applications at tieoretical level is not feasible. llowever,
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density functional studics of model compounds or *mimics’ can provide useful information
regarding the miicro structure of the mimicked macromolecule,
‘The model compounds, used in this study are composed of a ropeat unit of PTPs and

CPPs with methyl end groups (sce figures 1.3, 1.4).

Hs O R} R} e

Figure 1.3: The structure of the PTP model compounds.

Two of the model compounds of PTPs have hydrogens as R? substiluents with R
being either fluorine or chlorine. The remaining two model compounds have chlorines as

R? side groups again with R' being cither fluorine or chlorine.

H, R} R} R? 1

Hy RZ R? 12 11,
Figure 1.4: The structure of the CPP model componnds.

The model compounds of CPPs have chlorine substituents as R? on all phosphorus

atoms.
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“The chain conformation of a macromolecule is determined by the torsional angles
assumed by the backbone bonds. In most polymers the torsional angles assumed by
the moleenle depend on two factors: (1) repulsions or attractions between ncarby side

ronps on Lhe same chain and (2) the forces associated with the packing of mawy chains

¢ domain. Because, we arc investigating the conformational sta-

into a microcrystal
bility of a model compound, the second factor will not be discussed in this work. In
poly(phosphazenes), the conformational encrgy differences are expected to be smaller

ses of macromolecules, since the side groups are attached to cvery other

than in othe
skeletal atom, rather than to every atom in the chain, thus reducing the interactions
hetween side groups and lowering the energy.

It is hoped that the conformational analysis will lead to resolution of some of the
assumptions that are currently being held regarding the chain flexibility in these inorganic
compounds. For example, carlier molecular mechanics study [18] in the poly(dihalophos-
phazenes (also modeled with small chain segments) indicated that they are characterized
by very low barriers due to rotation (of the order of 1 keal/mole) and correspondingly
small conformational energy diflerences (typically less than | keal/mole). This analysis
[18] suggests that the conformational energy profiles for these system would be rather
flat, with energy differences less than 1 keal/mole. In addition, the authors [18] observed
that an approximate correspondence existed between the Tys of the fluoro, chloro, and
bromo derivatives (=95 °C, =63 °C, and —15 °C respectively) and the small increases
in barrier heights (and we should add the small increases in the cnergies of the local
minima relative to the lowest minimum). One of the aims of this study is to determine if
similar findings also apply to PTP and CPP miodels whose encrgies are computed with
a quantum mechanical method.

The construction of the complete multidimensional conformational potential energy
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surfaces (CPES) at an ab initio level for many-atom systems is enrrently a computation-
ally prohibitive task. The most important features of the CPES are the stationary points
(minima, saddle points and higher order critical points). The pattern that displags ouly

the stationary points of the CPES is referred to as the topological representation of the

multidimensional GPES [19, 20). Frequently. a qualitative topol presentation of
CPES is used to determine the approximate location of the eritical points [21]. “[his

is especially true for organic since in most organic molecnles the topology of
the computed CPES is similar to that of CPES predicted by the qualitative multidi-
mensional conformational analysis. Towever, in contrast to the organic molecules (which

often behave in this “ideal” manner) it is difficult to construct even a qualitative CPES

for inorganic molecules since bondling in these compounds is still not very well undor-
stood. Another way of initially estimating the location of the minima with the ab initio
methods is to perform rigid rotor calculations (bond lengths and hond angles are held
constant. as one dihedral angle is changed [19, 20]). In this work, we use two ways of

determining the approximate location of the minima in our model compounds: (1) we

use the resulls of rigid-rotor calculations as a guide for their possible locations [22] and

(2) we have studied the locations of the minimain simpler systems (such as the hydrogen
substituted compounds) and use these findings as an indication of the locations of the
minima in model compounds with larger substituents. We focus on finding the minima in
the torsion around the Ny-P; bond (for PTPs) and N;-Py bond (Tor CPPs) (see fignres
3.1-3.4, 4.1).

The calculations were carried out on a SGI workstations at the Department. of Physics,

on DEC Alpha workstations available at the Computing and Commuication Depart-
ment at the Memorial University of Newfoundland, and on the Fujitsu Supercomputer
at the High Performance Computing Center in Calgary, Alberta. The software packages

BIOSYM (23], and MATLAB were used to generate the figures.
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In chapler 2 we discuss the theory of density functional formalism and  its implemen-
tation in deMon program. Chapters 3 and 4 we present, the results and discussion of
our investigations. In chapler 5, the charge densily distribution along the hackbone of
the model componnd is discussed. In chapter 6 we correlate the glass transition temper-

In chapter 7 we summarize the results of our

atures with the conformational ana

calenlations and discuss future work.



Chapter 2

Theoretical/Computational Approach

2.1 Density Functional Theory - Basic Formalism

DFT is indispensable in the calculations of electronic

ieture of large molecules and

solids [24, 25, 26, 27]. Over the last three decades, DFT has evolved as a coneptually

and practically uscful method for studying the electronic properties of many electron

systems. In this theory, the many-body problem is reduced to a single eloctron problem

T A ——

We briefly list the important developments that led to the birth of the DIF. Around
1927 - 28, Hartree [28], formulated a mean-field like theory, where cach electron is assumed
to move in an average classical electrostatic field of all other clectrons and the nuclei.
Thomas and Fermi [29, 30], related the local electron density, p(r), to the total average
potential, V(r), experienced by the electron. The later inclusions by Dirac (1930), of a
local density functional for the electron-clectron exchange encrgy and by Wigner (1934),

of a local electron-electron correlation encrgy functional, were further contributions for

the DFT development. It was found that the leading term in the exchange operator
of the Hartree-Fock (HF) cquation was proportional to p!/%, where p was tie clectron
density at a given point in real spacc.

In 1964 Hohenberg and Kohn (HK) [15] formally introduced DFT, a quantum me-

chanical formalism for many-clectron systems which in principle can be solved exactly,

HK theorem legitimizes the use of electron density p(r) as the basic variable, and states
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that all ground state propertics of a system are uniquely determined by its charge density
p(r). 11K introduced two theorems. First theorem establishes that the potential v(r) and

the gromnd state (assumed non-degenerate) wave function W are wiiquely determined by

the clectron density p(r). The second theorem states that the cnergy, £,(p) is a mini-
mum for the trie ground state densitics (ic. 6 £,(p)/8p(r) = 1 = 0 where the Lagrange
multiplicr, 2, accounts lor the constraint N = [ p(r)dr, where N is the total number of
clectrons).

Consider a system of ¥ clectrons that are moving under the influence of an external
potential v(r) and of their mutual Coulomb repulsion. This system can be described by

a unique non-degenerate ground state [¥ >, The llamiltonian has the form,

A =T+V 40 (2.1)
where
j= % /Vl,l)'(r)<V1[)(r)dr (22)
V= [l )ity (2.3)
P () (') p(r)drdr’. (24)
T stands for the kinelic energy operator, V the i jon of the el

with the external potential and U represents the Coulomb electron-clectron interactions.
"The repulsion encrgy anong nuclear charges is dropped hecause for a given configuration

of atoms, it acts as a constant. The density operator is given by

A(r) =4 (r)y(r). (25)
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Summation over spin indices is implicd.
Recall that we arc considering the system of N electrons, moving in an esternal
potential v(r), which have a unique non-degenerate ground state [W >; The particle

density, p(r), is given by the expectation value of the density operator,
p(r) =< W)Y > . (2.6)

Thus, it. follows that ¥ and p(r) are wique fanctionals of o(r). 1f there are wo lime-

dependent forces in the system, the ground state encrgy, /2, is given by

=< WA > .

2.7)

HK proved ([15]) that p(r) determines o(r), the ground state ¥ and all other cloctronic
properties of the system including the total cnergy.
Since, |W > is a functional of p(r), all many-particle ground state expectation valies

are lunctionals of p(r). Thus, there exists a universal functional, I'[p(x)], such that
Flp(x)) =< w{(T+ )W >, (2.8)

where 7 and 0 are the kinctic and the Coulombic interaction energy operators. [p(r)]
is valid for any number of particles and in any external potential.

For a system of N interacling clectrons in a given potential o(r), the ground state en-

crgy functional of density p(r) is (we are writing By for £ to show explicit the dependance
onv)

Blp()] = [ o(e)ole)dr + Fl(r)l. (2.9)

The lotal mumber of clectrons N is given by
N / olr)dr. (210

1t will be shown that B[] isa minimum for the “correct” p(r) in comparison with values

N.

for any other density distributions p'(r) with the same total number of parti;
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For non-degenerate [W >, it is well known that the conventional Rayleigh-Ritz func-
tional of (WS,
£,[W) =< WV > 4 < W|(T + D)0 > (2.11)
Das 4 minimim valie for the correct ground state |¥ > in comparison with any other
[ > with the same number of electrons. Let [¥' > be the ground state associated with
a different density, p/(r), then
&l9] = [o(x)p! (e + FLp) (212)
> &)= [ ooty + Flo).
“This establishes the asserted minimum principle for £,(p], and it follows that we can
write
Bl < o). @13)
It is clear from the equations (2.8) and (2.9) that this minimum value £,[p], is the
correct ground state energy associated with v(r) and N. In other words, £, [p] is minimum
for the ground state density, a(r). The main problem of DFT is that the functional form
of Flp] (see equation 2.9) is not. known.
1t is convenient to separate out the classical Coulomb energy from Fp] because of
the long range of the Coulomb interactions in the system and write
Pl = é / fl(Tr)l'(Tl;i)rlrrlr’ er (2.14)
where the first, term is the classical Coulomb repulsion cnergy and Glp] is a universal
functional similar to Flp], which is also unknown. With this scparation the encrgy
functional, ,[], becomes

Edp) = /n (¥)p(r)dr + = [”(')"(”zzrdr +Glp). (2.15)

“The practical implementation of the minimal principle is dependent on the availability

of sufliciently accurate approximations for G[p].
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2.2 Kohn - Sham Equations

One way of implementing DFT formalism is to follow the approach proposed by Kohn

and Sham (KS) [16]. This approach (also called the s-system method) involves solving

the sell-consistent, one-clectron equations similar to the Hartree equations. To obtain

these equations KS decomposed Gi[p] as follows:
Glpl = Tilp) + Exelp] (2.16)

where Ty[p] is the kinetic encrgy functional for a non-interacting electron gas of dens

y
p(x) in an external potential v(r) and E,[p(r)] is the exchange-correlation encrgy fune-
tional. Ey[p(r)] contains the difference between T'[p] and T4[p], presumably fairly small,

and the nonclassical part of U[p]. With these quantities [2, can be written as,

/ﬁ(r)n(r)

Bl = Tulol + / o(E)p(r)dr + drde’ + B {p(r). (217

The main thrust of DFT formalism involves the determination of the finctional form of
Eoclp(r))-

The exact form of the exchange-correlation energy fnctional s ot kiown. Several
approximations for E.[p] had been and are still heing proposed. DIT theory converges to

the exact solution by improving the description of the total exchange correlation cne

y
functional, fy.. The calculations in our work have been performed using the local density
approximation (LDA) for the B[] {15, 16]. This approximation will be discussed befow.

Applying the variational principle to £,[s],

874(p(r)) ) gy SBeep(r) y
Ty T "'H/{r v Gy Y (%)
or
% F V) +elr) =0 (2.19)
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where V,(r) is the total classical potential energy

dr', (2.20)

Vilr) =u(r)+/‘:fll,l

D2e(r) (exchange-correlation energy potential) is a functional derivative of Fye

1o
op(r)’

vaclp(r)] = (2:21)

and , is the Lagrange multiplier that accounts for the constraints that N is constant

(2.10). Equation (2.19) can be rewritten as

%{S» +vepy(r) —p =0 (2.22)

where
vesg(r) = Vet vac(r) (2.23)
- u(r)-i-/ lr"(_"lr),ldr'+uz,(r). (2.21)

Equation (2.24) lias a similar form to the stationary Schrodinger equation that one would
abtain for a system of non-interacting electrons moving in the effective potential, veys.
The effective potential vegp = Vi(r) + vze[p(r)] acts as an external potential for the non-
interacting reference system. In conventional quantum mechanics, for a given v.s; the

corresponding single particle equations are

(=5 V% 4 vop s (0)]hi(r) = eatpi(r) (2.25)

with
2
p(r) = 3o mils(r)| (2.26)
b
where fys are single clectron cigenfunctions with cigenvalues ¢; and n; are the accupation

numbers (spin is included in the index 2).
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Equations (2.25) are called KS onc-particle cquations. nez; depends on a(r) through
(2.21); hence (2.24), (2.25) and (2:26) must be solved self-consistently. One hegins with
a gucss for p(r), constructs vesy from (224) and then finds a new p(r) from (2:25) and

(2.26).

2.3 The Local Density Approximation

An explicit form for ,.[p] is needed to specify the Kobn-Sham equations. The scareh for
an accurate [.[p] has encountered significant, difficulties and continues to be the greatest
challenge in the DFT. The most often used approximation to the exchange correlation
energy is the so-called Local Density Approximation (LDA) proposed by KS [16]. For
metallic and strongly delcalized systems with nearly constant electron density, the LDA
comea very clase to the exact solution whereas tiis approximation ean he expocted W he
less accurate for systems with strongly varying clectron densitics.

If the density of the system is slowly varying, then cach small part. of the electronic
system can be thought of as homogencons, suggesting the following approximation to
Exelp).

B = [ dep(e)enclpl (2:27)
where z[p] is the exchange-correlation energy per electron of a homogencous electron
gas of density p.

So, the corresponding exchange-corrclation potential becomes,

WEDA(r) = SEEPY_ bp(r)esdp(r)] 66:» (I')

Tae) T dalr)

In the LDA the KS orbital equations can be written as,

= exe(p(r)) + plr)——— (2.28)

V2 o(r) + / ”(r?_,ldr' DAy = e (2:29)

Ie—
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“This equation is solved in self-consistent manner.
"Phe function e,.(p) can be further divided into exchange and correlation contributions,

€xc(p) = €x(p) +ec(p)- (2.30)

The exchange part is given by the Dirac exchange-cnergy functional,
i T30 ’
&ulp) = =Canlr)} Ce = 5 (20} (231)

Aceurate values of e.(p) are available. Vosko, Wilk, and Nusair (VWN) [31] proposed
an analytic form for £.(p) by interpolating the quantum Monte Carlo calculation results
of Ceporley and Alder [32]. The most commonly used forms are those by Hedin and
Lundqist (1972) [33] and Vosko, Wilk, and Nusair (VWN) [31]. The LDA comes very
elese Lo the exact solution for systems with constant electron deusity. But, this approx-
itmation can be expected Lo be less accurate for systems with strongly varying electron

densities,

2.4 Gaussian-Based Density Functional Methodology.

The theoretical investigations for systems usually begin with the HF [19, 20]

In this imation the molecular orbitals are ded in terms of the

]
contracted gaussians basis functions centered on the atoms. (For example the programs
that employ this method are GAUSSIAN 92, HONDO[19, 20]). HF approximation is
also a starting point for more accurate calculations, which include the effect of electron
correlation. In this work the energy calculations have been performed with the molecular

density functional[15, 16] program called deMon[17). Tn agreement, with the more con-

ventional approach, the program employs a linear combination of gaussian-type orbitals
(LCGTO) to create the spatial molecular orbitals which in turn are used to create the

total electronic wave functions for the given molecular system. DFT methods have many
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advantages over traditional ab initio HI" sell-consistent-ficld molecular-orbital methods,
They are: (1) the DFT allows for the inclusion of the correlation while maintaining the

single particle picture of the HF theory; (2) the DFT calculations are not as compy

tionally demanding, as their cost grows nominally as the third power of Uhe number of
basis functions, compared to the fourth and higher dependence of traditional methods.
(3) the decrease in the computational complexity (mainly duc to the simplified treatment
of exchange potential in DFT) could in principle allow for the nse of larger basis scl.

In order to perform geometry optimization we must be able to compute the gradients
of the total energy with respect to the nuclear coordinates. Second order derivatives of the
tolal encrgy (Hessian matrix) are used to determine which points on CPIS are minima

"

for the ted

or transition states. In deMon, the analytical exp s are comy
as discussed in reference [34]. Although, the theory of analytic second derivatives within
DFT liave been established [35, 36}, they have not yet been implemented in deMon.
AL present, they are evaluated by the numerical differentiation of the analytical gradients
(37,38, 39, 40, 41]. The stationary points are found using the Broyden-Fletcher-Goldfarh-
Shanno (BFGS) (quasi-Newton) algorithm [42). Full geomelry optimization was carricd
out for all model compounds investigated in this work. The geometries were optimized
until the norm of the gradient was less than 0.0008 au.

From the previous section, the total encrgy functional (cquation (2.17)) may be par-
titioned as

Elp) = ) + Slo) + Exly] (2.82)

where T,[p] is the kinetic energy functional of a system of non-interacting particles, S[p]

cl cloctrostatic

is (middle two terms of the cquation (2.17) are combined) the cla
enexgy (e attraction and e-e repulsion) and Fy[p] is the exchange correlation energy

functional.
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In deMon W kinctic energy and Coulomb of eqn. (2.32) may

he expressed as,

N
T,= Z <i[),-(r) (2.33)
- S{wop
1 N N
15y [w.-(r)w,(r) ,(r'm(r’)] (2a1)
-2

where M is the total numer of nuclei in the system. The charge density, p(r) is given as
in cquation (2.26).

In the ganssian based DET methodology, (deMon program), the spin molecular or-
litals (from now on the spin dependence will be shown explicitly), {¢(r)}, (¢ = a or

), are expanded in terms of fincar combination of gaussian-type orbitals (LCGTO).

¥ (r) = X Crixa(r) (2.35)

where the set {y,(r)} arc the basis of atom-centered gaussian type orbitals (GTO) and
{€,} are the set of expansion cocfficients. We have used double-zcta valence basis set
with polarization function [17]. For the elements B to Ne, this basis set is made from nine
s-type and five p-type primitive Cartesian Gaussians (Carlesian Gaussians are used since
the geometry optimization in deMon is done using Cartesian coordinates), augmented
by one d-type polarization function 43]. These primitives written as (621/41/1) arc

contracted to three s-type, and two p-type functions, [3/2/1]. For the clements Al to Ar,

the basis set

s made from twelve s-type, cight p-type and one d-type primitive Cartesian
Claussians, (6321/521/1) . The corresponding contraction for this basis st is [4/3/1).
The total number of orbital basis functions varied from 182 to 254 depending on the

atomic composition of the molecular system studied.
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The gaussian bases used in dedfon are similar to those of used for traditional ab initio
methods [43]. In terms of these cocfficients the total electronic density is given hy
) = nd o 3 CrCinadeha(r)). (2:16)
i n=1A=1
In deMon (for case of computing) the charge density, p(r), and the exchange correlation
potentials, vZ. (g = a or §), arc fitted by an anxiliary basis set. (also a LCGTO) 44, 45),

Ay = D aifi(v) (2.87)

B(r) = D Wailr) (2.38)

where j(r) and 8%.(r) are the fitted quantitics to p and o7, and {fi(r)} and {gi(r)} ave the
auxiliary bases and {a;} and {67} are the fitting coefficients. These fits reduee integral

evaluation from an N process to an N*M process (where N is the mmmber of GTO

in the orbital basis and M is the total number of GTO' in the ausiliary basis and is
typically of comparable size to N).

The two-clectron integrals,

[x,‘x., ITHI] s (2.39)
< Xulgilxo > (2.40)

as well as the one clectron integrals (which are identical to those in the HIF formalisim)
are evaluated with the efficient formulas of Obara and Saika [16].
The coefficients for the fitting of p(r), {a;} are obtained by a least squares fitting

procedure which minimizes the error in the Coulomb repulsion energy [45],

0= il (241)
-
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subject Lo the constraint,

<p>=N (242)

which ensures that the fitted charge density is normalized to the total number of electrons,
N.

The fitting of p is analytical. This is not the case for the fitting of vZ(r). The

coclicients for the fits to the exchange-correlation potentials, {67}, can not be obtained

ytically as above for {;}. The fitting cocfficients are obtained by minimizing the
error in the fitted potentials over the sum of the grid points,

2021) = ug PW(NHW'(T) (2.43)

T

‘I'he summation is over a set of points on which the density is synthesized and then the
exchange correlation potentials, vZ.(1) calculated. W(/) is the weight attributed to cach
point 1 of the grid, is proportional to the volume of space associated with the /** point.
W'(1) is an arbitrary weight which may be associated to the I** point. An arbitrary
weight is introduced since the purposc of the grid is to perform a fit to the exchange-
correlation potentials and not to perform a numerical integration. Dunlap et al [47, 48].
have proposed the arbitrary weighting function,

plr)

LE ex(r)

(2.44)

where &, is the exchange-correlation energy density.
The auxiliary basis sets nsed in deMon are comprised of a set of s type functions and
aset of s, pand d type functions constrained to the same exponent. This constraint does

not allet the quality of the calculations but speeds up the calculation considerably [49].

The electronic donsity, a(r) is given by

Ar) = T po(r) =L afl(r)f (2.45)
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- Tu [zc,,.\,.(r)zc,..\,.m] 20)
Au(P)w(r) (247)

£ [Srcncn+ Solches] wionn (29
Z Prxu(r)xu(r) (2.19)

I
™ =

I

where

PL =P34+ P= zn"(';,‘,c,,, + Zn

P, is the element of the density matrix and n{ is the occupation number of the orbital
#7(r).
The electron density p(r) is a function of the set of LCGTO coeflicients, {€/7;}.

These coefficients are obtained form the Kohn-Sham equations, which are the analog of

the Hartree-Fock-Roothaan equations in the traditional ab nitio theory,

Z FLCli= (251)
where S, is an clement of the overlap matrix,
Spp =< v >, (2.52)
F2, is an clement of the Fock-like matrix of spin o,
Py =B s [ 2] 7]+ G (25)

and {€7} are the orbital cnergies. In DIPT the meaning of €7 is different, from that of

traditional ab initio methods. Instcad of Koopman’s theorem [50], we have,

) .-
=g (2.54)
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“The set, of equations (2.51) is obtained by minimizing the expression for the total

energy with respect (o the C7's, subject Lo the orthonormalization constraints,

3 CLiSwCs = &, (2.55)

Grid Generation and the Fitting of Exchange-Correlation

One of the most important parts of deMon is the algorithm that was chosen to generate
the grid on which the exchange and correlation terms are synthesized. Exchange and
correlation contributions Lo energy can not be evaluated analytically, therefore must, be
caleulated numerically on a grid or be fitted to a sct of gaussians to minimize the error
on the set of points of the grid to then allow the analylical evaluation of exchange and
correlation integrals [44, 45].

Many types of grids for fitting the exchange-correlation potentials have been pro-
poserd. Most grids for molecular calculations are based on superimposed atom-centred
grids. For these atom-centred grids, many radial grids have been proposed [51, 48, 52].

Becke's molecular grid [52] was chosen for the radial grid used in deMon. In Becke’s

approach the molecular integration is d into a sum of one-center, atom-like
integrations. Becke's algorithm uses the Gauss-Legendre quadrature scheme instead of
Gauss-Chebyshev. In addition to the radial grid, a suitable angular grid is needed. An-
gular grids designed for accurate integration on the unit sphere by Lebedev are employed
in deMon (53, 54]. deMon offers three angular grids of different quality (with 50, 110,
and 194 angular points), which integrate exactly all spherical harmonics of order 11, 17,

and 23 or less.
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Becke’s approach allows for overlap between the discrete regions, cach region associ-
ated with an atom. To avoid the double counting in the overlap regions, a relative weight,
W(I) is assigned to cach grid point. The sum of the relative weights is normalized for
each r point in space.

It was realized that XC fitting bascs are inadequate when calculating the XC contri-
bution to the energy gradient. So, the XC: term of the encrgy gradient expression had o
be calculated numerically over an augmented set of grid points, whercas the XC contri-
butions to the Fock matrices, in the SCF procedure, are calculated analytically following
the numerical LSF procedure using a modest XC: auxiliary basis and a much smaller
subset of grid points [45]. This “analytical energy - numerical gradiont” procedure seems
to be necessary, if both the CPU savings in the SCF step and an acenrate energy gradient

are required.
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Poly(thionylphosphazenes)

In this section we will present the results of the DFT calculations for the inorganic poly-

mers, poly(thionylphosphazenes) [55). We label the model compounds in the following

way:

model 1 with
model 2 with R'= CI, R?=H;
model 3 with R'= F, R?2=Cl;
model 4 with R'= Cl, R*=Cl.

“T'he rotation around Ny-Py bond is indicated as ¢ in figures 3.1-3.4. The completely
optimized geometrical parameters (that is bond lengths, bond angles and dihedral an-
gles), the energics and the corresponding energy differences between the global and the
toeal milnima conformations are given in tables (3,1-5:18). “The torsional angles #'s ate
given as NoPy-N,S, dihedral angles. 0o denotes the global minimum structure and 0,
(n=12..) denote the local minima structures. The subscript n corresponds to energy
values according to the following scheme: the smaller the value, the lower the energy.

The geometry optimi planar, trans-cis (by ion, the dihedral angles 0°

and 180° are used to define trans-cis conformation), global minimum structures for the
model 14 compounds are displayed in the figures 3.1-3.4 respectively.
"To see the complete effect of S=0 group on the structure and to minimize the effect

of end groups on the backbone structure, we investigated the global minimum structures
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of two other model compounds (5 and 6) with one more P-N boud near the

along the backbone. The model compounds are labeled as:

model 5 with R'
model 6 with R'= CI,R*=Cl.

The geometry optimized global minimum structures for the model & 6 compounds
arc displayed in the figures 3.5 and 3.6 respectively. Completely optimized geometrical

parameters are given in tables (3.17-3.18)
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Figure 3.1

¢

Figure 3.2

Figure 3.1: Stick figure of model 1 compound (R'=F and R? (n=1-4) =H) with the
planc formed by P-N-P atoms parallel to the paper.

Figure 3.2: Stick figure of model 2 compound (R'=Cl and R? (n=1-4) =H) with the
plane formed by P-N-P atoms parallel to the paper. The geometries plotted correspond
to the global minimum parameters given in tables (3.1—3.8).
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Figure 3.3

a H

Figure 3.4

Figure 3.3: Stick figure of model 3 compound (R'=F and R? R? (n=1-4) =Cl) with the
plane formed by P-N~P atoms parallel to the paper.

Figure 3.4: Stick figure of model 4 compound (R'=Cl and R? (n=1-4) =Cl) with the
plane formed by P-N-P atoms parallel to the paper. The geometries plotted correspond
to the global minimum parameters given in tables (3.9—3.16).
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Figure 3.5
Cl
H Cl
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H
H

Tigure 3.6

Figure 3.5: Stick figure of model 5 compound (R'=F and R? RZ (n=1-4) =Cl) with the
plane formed by P-N-P atoms parallel o the paper.
Figure 3.6: Stick figure of model 6 compound (R'=Cl and R? (n=1-4) =Cl) with the

plane formed by P-N-P atoms parallel to the paper. The geometries plotted corispond
to the global minimum parameters given in tables (3.17—3.18).
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3.1  Struct ural Analysis

(i) Hydrogen Substituted Model Compounds

Hydrogen substituted PTPs have not. been synthesized. However, we have chosen to be-
gin our theoretical investigation with hydrogen substitnents sinee they ave the simplest
and the smallest substituents that can be considered which from the computational point

of viewis an advantage. In particular, we use the conformational analysis performed for

the hydrogen substituted componnd as a guide in locating the local minina in com-
pounds with larger substituents on the phosphorus atoms. Morcover the hydrogenated
compounds highlight the structural and energetic differences hetween componnds due to
the presence of I or C1oon the sulfur since the complicated interactions hetween 19 or ¢
with other chlorines on the phosphorus atoms do not arise in this case.

For the model 1 componnd (with R!

") we have found four local minima in addi-

tion to the global one. In agreement with our recent studies [56, 57, 58] we found howl

length alternation along backbones of the molecular models for all conformations

table (3.1)). Tn all cases the “single” and “double’ bonds of the N 1 type are longest
near sulfr. 14 is suspected that, pattern isin part due to tie end offects. The bond Ny Py

exhibits largest variations in length due Lo rotation around Ny Py bond. For example the

difference of 0.073 A has been observed between the O and 0, conformations. The corre-

sponding change in Py =Ny bond length is 0.057 A. similarly to the “single” Ny 1y band,

the “double” Py =N bond is longest near sulfur in all conformations, While Ny Py and

Py=N; bond lengths show substantial variations betwees: conformations, the differences
between them within a given conformation remain relatively constant (approximately .1
[\) in all conformations. Both the 0y and 0y conformations are different. from other con-
formations in thal, while the “donble” hond Py =Ny is shorler than the “single” Ny Py

bond, it is actually longer than the “single” bond Np-P following it. In effect, in these
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conformations, the “single-donble” pattern has been replaced by decreasing bond lengths

along the backbone with the increasing distance of nitrogen or phosphorus away from
the sulfur. The remaining bond fengths are relatively unaffected by the conformational
chiungges (see Lable (3.1)).

The main observation that can be made about bond angles in model 1 compound

(see table (3:2)) is that bond angles along the backbone: $;NyPy, NyP\Na. PiN,Py end
NP,

Ny open up at the same time as the rotation around Ny~Py bond is performed.
This is especially true for $;N, Py angle which increases on the average by 11°. The
openings of PyN;Py and N;PyNg bond angles are of comparable magnitudes (~ 10°)
with Uhe exception in the 0 conformation which is closer to 5% The magnitude of
Ny 12y Ny increases on the average by 4°. The HIPN bond angles on P, also increase by

a few degrees. [n contrast the HPN bond angles on Py decrease by a similar amount,

The O8Ny bond angle remains relatively insensitive to the rotations, its average value

is approimately 124°, The C,8;N, also remained close to 110°, There is some variation

in the

4P with some decreases or some increases by a few degrees depending on the
conformation.

In the case of diliedral angles (see table (3.3)), we note that. he rotation around
the Ny-Py is s.rongly coupled to another rotational mode, that is to the simultancous
rotation around Ny-P bond as is exhibited by the values of CyNo-PaN; dibiedral angles.

These diedral angles

can devinte substantially from the expected 180° (c.g. in the global

mininmum the deviation is 37°). Smaller deviations from the expected values of 180° and
0° have also been observed in PoNy-Py Ny and NgPp-N,Py dihedral angles. The position
of the oxygen relative to hackbone is also readjusted by 10° to 20° depending on the
conformation.

For the hydrogenated medel 2 compound with R'=CI we have also found four local

winima hesides the the global one (sce tables (3.5-3.8)). Similar to the model 1 compound
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we have found eithier bond length alternation pattern or decreasing bond lengths (in the

00 and 05 conformations) along the hackbone (see in table (3.5)). In the alternating case,

the “single” and “double” bouds are longer near S, We note that. the bond lengths
are less sensitive Lo the rotation around the Ny=Py bond in comparison to the similar
results for the model 1 compound. For example, a dilference of 0.01 A has heen observed
between Nyi-P; bonds in the 0g and 0; conformations (the Jargest difference of 001 A has
been observed between other conformations). The remaining hond lengths ave relatively
unaffected by the conformational changes (see table (3.5)).

i that there are

Also in comparison to the model | componnd, we sec from table :
smaller hond angle openings in the bond angles along the backbone (the largest opening
is of the order of 8° in 0, conformation in the PN Py bond angle). These smaller changes
in the bond angles between conformations are reflected in the corvespondingly smaior
variations in the bond lengths.

In agreement with the above trend, the diledral angles (see table (3.7)) are also
relatively unaffected by the rotation. However, similar to the model 1 compound, we
also observe some coupling between the NaPy-Ny 8y and the GyNy PNy diliedral angles,
Except for the 0 conformation, the deviations of CyNy-PyN, diiedral angle from the

expected value of 180° are approximately +/=30°. We conclide this subscetion, by stated

that the prescnce of F on S in comparison to having Cl on 8, leads to more structural

relaxations in the chain. We base this conclusion on the observation thal the rotation in

model 1 compound results in greater number of distortions of larger magnitdes

model 2 compound.
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Bond

%0

0

[

[0

0

0,=S,

1.460
1.516
1.766
1.653
1.629
1.619
1.650
1.772
1.430
1417
1.434
1.446
1.103
1.101
1.100
1.439
1115
1.109
1.110

1.451
1.507
1.694
1.596
1.642
1.585
1.647
1.757
1.422
1.428
1.442
1.452
1.102
1.103
1.100
1.445
L119
1.108
1114

1.455
1.506
1.725
1.614
1.637
1.591
1.647
1.761
1.427
1.421
1.444
1.445
1.103
1102
1.101
1.437
1113
1.109
1112

1.458
1.505
1751
1.650
1.631
1616
1.657
1.764
1.425
1427
1.445
1.435
1.103
1.101
1.100
1.438
1110
1113
1114

1.453
1511
1.703
1.592
1.640
1.583
1.648
1.758
1431
1428
1447
1449
1.103
1.102
1.100
1.443
L4
1107
LT

E parison of hond lengths (A) for the global (05) and the local minima
(Ouket 4) of PTPs with RI=F and R2<H, (1=1-4).
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Table 3.2: Comparison of bond angles (degrees) for the global (0) and the
-4) of PTPs with R'=F and R2=lI, (n=14).

(O, k=

local minima

Bond angle | Og 0,

70,5:N; | 122.900 | 125.362

SNPy | 116321 | 129.698 | 126839

[NPyN; [ 100,115 | 105710 | 103044 | 101.238

LP\N, Py 98.036 | 109.076 | 103.650 | 97.894
IN;P;N3 | 97.953 | 107.59 | 101.944 | 98.852
LRIPN, 92.124 | 106.363 | 95.737 61
(R3PaN,; | 111.820 | 104.555 | 109.040

lR}P;N, 115.076 | 111.027 | 110.908 | 111.632
[1,C,S, | 106.050 | 106.119 | 106.103 | 106.225

U1,C, S, 108.013 | 106.916 | 107.216 | 107.398 | 107.614
[1,¢,S, | 108.977 | 108472 | 108754 | 108468 | 109.445
LCN3 P, 127.777 | 120.854 | 131.821 | 127.952 | 12 il
[1,CoNy | 114.230 | 113814 | 113619 | 112188 | 110720
[H,CaNy | 108.463 | 109.918 | 108754 | 108, 109.859
LHgCaNy 112.785 | 113.681 | 113.636 | 114.329
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Comparison of dihiedral angles (degrees) for the global (0g) and the local
H, (n=1-1).

Table 3.3:
minima (O,k=1-4) of PTPs with R!

Dihedral angle [

1PN, 5,0, 21397 | —20.782
LNy Ny Sy
£LPyNy-PyN,y
LNgPy- No Iy
LR1S,-N,0,
£¢48)-NiR!

93.404 | 241773 | 276.040 176911
164.146 | -174.009 | ~168.948 | ~178.560
0, 0.054
124.556
101.505
124.317 125.822 | 126.530 [ 123.531 124.914
109.517 108.351 | 108.327 [ 109.564 108.168
126.096 130.043 | 126.468 | 120.654 127.221
106.091 | 108.108 | 113.966 105.249
49.620 51.235 59.776 53.507 51.298
~118.726 | ~119.002 | -118.577 | -118.621 | 118360
119.661 120.538 | 120.111 120.175 119.820
7.076 | 203.820 | 189.422 | 136.011 173171
3 38.526 45.758 43.973 | 108.605 72713
L15C5-N3Cy 119.343 119.181 | 118.346 | 117.966 119,287
L115Cy-NyCy =123.575 | -122.553 | -123.422 | -123.743 | -122.006

“Table 3.4: Comparison of the total energics (hartrees) and corresponding energy dif-
ferences (given in hartrees and keal/molc) for the global (0p) and the local minima
(k=1 1) of PTPs with R'=F and R2=H, (n=1-4).

minimum [ Buai(har) [ ZN2P1=NiS; | £C2Ns-PaNz [ AE(har) | AE(keal/mole)

[N -1495.249487 -58.207 217.076 R

[ 1495.247703 93.404 203.820 0.0018 5
0, - 1495247671 241.773 189.422 0.0018 1.1
Oy 1495247272 276.040 136.011 0.0022 1.4

N -1195.245028 176.911 193.171 0.0036 2.3
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Table 3.5: Comparison of bond lengths (A) for the global (0) and the local minima

(Oxk=1-4) of PTPs with R'=Cl and RZ=II, (n=1-4).

[

1.466
1.521
1.753
1.652
1.630
1.616
2.155
L7
1.426
1.426
1.443
1434
1.103
1.105
L1101
1.435
LI
L
1113

[

1.457
1.532
L.718
1.611
1.638
1.591
2.135
1.773
1.425
L1419
1.443
1.447
1.104
1104
1.099
1.440
1114
1.107
1.113
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Table 36: Comparison of bond angles (degrees) for the global (0) and the local minima
(04 k=1-1) of PIPs with R'=Cl and R2=II, (n=1-1).

Bond angle [ [ 0, 03

10,5:N, | 124.666 | 121428 [ 123.61 | 125.960
L8N Py | 122595 | 119.399 | 119.21 | 123.032
(N\P\N; | 98268 | 96615 |104.21 | 95.323
INaPoNs | 96732 | 97115 | 102.67 | 97.228
LR'NGS; | 113059 | 111454 | 111.43 | 109.029
,SiN, | 105319 | 107.747 | 107.52 | 107.437
LR?P,N, | 96351 | 93865 |101.63 | 94.739
LR3PN, 91.256 | 97511 | 97.72 | 97.573
IR3P;N; | 115433 | 115190 | 108.57 [ 111.816
LR3PaN, | 112,927 | 111474 | 109.88 | 115.175
a41,C,8, | 106917 | 106343 | 105.27 | 106.800
1,C,8, | 106078 | 106.044 | 106.17 | 108.011
[15C,8, | 109.260 | 108.837 | 110.66 | 107.901
LCyNgPy | 133394 | 120512 | 127.14 | 133.377
U14CNs | 113145 | 112,673 | 113.96 | 113.789
Ll15CyNy [ 107.614 | 108813 | 109.15 [ 108.225
U1gC;Ns | 114193 | 113.881 | 113.30 | 112.863

| Os |
1%5.122
124.600
96.425
98.359
109.930
106.853
98.300
94.078
111.582
116.182
107.406
107.653
107.436
125.621
113.806
109.000

112.671
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Table 3.7: Comparison of dihedral angles (A) for the global (0g) and the local minima
(Ok=1-4) of PTPs with R'=Cl and R2=I, (n=1-1).

Diliedral angle D) 0, 0,
ZP1N;-5,0, ~33.883 | —30.100 56,860
INP-NiS; | 48.625 |  95.901 185.769
LPyNg-PiN; | -172.305 | -175.960 171743
LN3Py-NP, -5.002 | -6.562 6.036

LRYS;-N;O, | 127.207 | 122,991 124,
£C,8-N{R' | 105.776 | 105.670 | 106.920 | 102402
LRIPI-NGN, | 123.835 [ 123779 | 125413 | 126904
LR2P,-N,R? 107.741 | 108.623 | 107.701 | 108474 | 108.678
LR3P;-NoNy | 120.905 | 120,995 | 126.710 | 125.063 | 126753
LR2P;-NoRZ | 114.634 | 113408 | 107.423
LHC-8,0, 50120 [ 50.844 | 49.800| d8.423 | 45619
LHCy-S Hy | -118.762 | ~118.977 | ~117.112 | -120.188 | 120418
LHaC=SiHy | 120,981 | 120439 | 120.702 | 119438 | 119.830
LCyNg-PaNy | 148.096 | 154.725 | 181.586 | 210.822 | 216277
£H4Cp-N3P, 89.614 | 83.305 | 57.000 22708
LH5Ca-NaCy | 117.202 | 117.674 | 118.818| 118401 | 118.643
LHgCy-NaCy | -124.033 | ~123.007 | -122.809 | -123.917 | -123.181

61

Table 3.8: Comparison of total energics (hartrecs) and corrc
(given in hartrees and kcal/mole) for the global (0p) and U
PTPs with R'=Cl and R}=H, (n=1-4).

ponding energy differences
ocal minima (O,k=1 1) of

Eiomi(har) | ZNaP1-NiS; [ £CoNa-PoN; [ AR(har) | AE(keal/mole)
0o -1854.694374 -48.625 148.096 .
0y ~1854.693458 95.901 154.725 0.0009 0.6
02 ~1854.691903 -21.702 181.586 0.0025 1.6
03 -1854.689616 185.769 210.822 0.0018 0
04 -1854.688636 249.472 216.277 0.0057
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(ii) Chlorine ituted Model C d

We have found fewer minima for the chlorinated model compounds. [u the case of model
3 compound (with R'=F) we have obtained three local minimum structures in addition
Lo the global minimum. No significant variations (less than 0.02 A) in the bond lengths

have been observed hetween the four conformations due to rotation around Ny—P bond

stable (39)). The “single-double” bond alternation along the chain backhone is
clearly distingnishable. Withina given conformation the difference between the “single”
and “double” bonds is approximately 0.1 A.

Similarly to what has been observed in the model 1 compound, bond angle openings
accompany the rotation around the NPy bond (sce table (3.10)) in model 3 compound.
The $iN; Py hond angle increases by 7.5° in the 0; conformation relative to the 0g confor-
mation. The corresponding increase of 10° is observed in the 0y conformation. A small

decrense (1.2°) has been observed in the 0 conformation, this deeicase is accompanied

by an opening of PyN;P2 hond angle by 13.9° relative to the 0 conformation. The
remaining bond angles are relatively insensitive to the rolation.

In the model 3 compound, in the three lowest minima (0p, 0, and 0;) the coupling
between the NyPy-NiS; and the C,Ng-P, N, dihedral angles is not as pronounced (sec
table (3.11)) as in the hydrogen substituted compounds. Tn these cases CoNy-P,N;
dihedral angles are close to 180°, only in the 03 conformation this angle deviates by 28°
from the expected value of 180°. Some variations (of the order of few degrees) has been
observed in the PyNp-Py Ny and NgPp-NoP; dihedral angles along the chain backbone
indicating that the torsional rotation results in a more twisted structure in comparisen
Lo the global minimum struclure.

In the model 4 compound (with R'=Cl) we have found three local minima in addition

to the global minimum.  Similar to the model 3 compound, the bond lengths remain
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relatively unchanged during the torsional rolation around the Ny=Py bond (see table
(313)). In fact, the changes arc smaller than in the model 3 compound. Within a

given conformation the “single—double” bond alternation along the cl backboue is

also present in this compound and the difference between the “single” and “donble”
bonds is approximately 0.1 A (as in model 3 compound).
The S;NiP1 bond angle opening also oceurs for this compound upon rotation (see

table (3.14)). However, a significant increase is not. obscrved Gill the third lowest loeal

minimum (0;). In that casethe Sy NiFy bond angle opens wp by 1° in the 0y conformation
and by 16° in O conformation. In contrast, to the model 3 compound, the $,N,Py hond
angle opening is accompanid by the PyN3 Py bond angle closing (by T.6° and 4.7 in the
respective conformations).

The coupling between the two dihedral angles: the Na Py -NySy and the €

PNy is
also present in this model compound (sce table (3.15)). In the local minima structures,
CaNg=P3 N, differs approximately by £ 10° in comparison Lo the global minimum strve-

ture. Other dihedral angles exhibit some changes upon rotation. The largest variation

has been observed in the NsP2—NyPy dihedral angle in 0y conformation which increases

. by 27° relative to the Op conformation. Again this illustrates the point thal. rotation
around Ni-P; bond leads to relaxations of other dihedral angles along the backhone.

We conclude this subsection by pointing out that in the model compound # and 4,

the torsion around Ny—P; bond results in ;NP hond angle openings with model 3

compound exhibiting larger opening in 0, conformation. In the case of model componnd

4, concurrent closings of PN2P; bond angles also oceurred. The coupling bhetween the

NyPy=N;8; and the C2Ng-PaN2 diliedral angles is present again with somewhat larger

deviations ohserved in madel 3 compound. Overall greater distortions along the backbone

occur in the model 3 compound. Based on this structural analysis we would conclude

again that more structural relaxations are present in the model 4 compound than in the
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mo.el 3 due to the rotation. Howeve,, this difference is not as clearly defined as in the

hydrogenated model componnds (see above).
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Table 3.9: Comparison of bond lengths (A) for the global (0g) and the local minima

(0 k=1-3) of PTPs with R'=F and R2=CI, (n=1-1).

Bond | 0, | 0;
0,=5; | 1443 | 1116
Sy=N, | 1.537 | 1525
Ni—Py | 1.662 | 1.655
Py=N; | 1566 | 1.55T
Na—Py | 1642 | 1.634
Pa=Ns | 1544 | 1.539
R'-S; 1.635
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0: Comparison of bond angles (degrees) for the global (O) and the local minima
3) of PTPs with R'=F and RZ=CI, (n=1-4).

Bond angle |__0g 3, 0,

70,5,N; | 123.577 | 123.739 | 123.516 | 126.330
LSNPy | 118.624 | 126.170 | 117.364 | 128.572
IN,P,\N; | 110.923 | 106.967 | 109.094 | 106.416
LP\NoPy | 121.532 | 122,587 | 135.401 | 119.350
IN;PoNg | 112481 | 112.899 | 116.019 | 111.431
LR'N,S, | 107.679 | 106.780 | 101.532 | 105.528
£C,S,N, | 108.602 | 109.086 | 111.117 | 104.843
LR2P,N; | 104.974 | 108.912 | 101.461 | 106.885
LR3P,N, | 101541 | 103.576 | 108.376 | 105.995
LR2P;N; | 104.158 | 105.765 | 102.937 | 103.195
LR2P;N; | 104.327 | 102.410 | 102.319 | 107.266
LH,CyS, | 105.239 | 105.120 | 104.985 | 107.849
£11,C,8, | 106.735 | 106.523 | 107.930 | 106.420
L115¢48, | 110373 | 110.448 | 108.323 | 109.091
LCaNgP; | 128.582 | 128,550 | 124.883 | 130.545
£11,C;N; | 112.202 | 112.602 | 112.684 | 113.700
£115C;Ng | 108.713 | 108.834 | 108.991 | 107.901
£l1CuNs | 112.804 | 112.388 | 112.585 | 111.926
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Table 3.11: Comparison of dihedral angles (d
minima (Ok,k=1-3) of PTPs with R'=F and R?

Dilicdral angle
IP,N,-5,0,
IN3Py-NS,
P2Na-PyN;

G
194.824
168.781 161,751
LN3P3-NoP, 10.052 : 14.682
[R'S,-N,0, 29 | 124.026 | 120712 | 122,001
1C481-N R 104910 | 105312 | 102118

[R3P;-N\Np | 126.883 | 126.807 | 1
LR3P\-N R} 107.042 | 109.51
LR3P,-NaN; 126.740 | 128.184 | 128970
LR3P,-NaR3 103.434 | 103.960 | 102. n7/|
LH,C-5,0, 53.270 | 48.354

L12C, =Sl | ~117.484 | ~117.166 S1IRTTY
LH3Cy-Si 120349 | 121.081 122,047
LCNa-PoNg | 179.677 | 174371 208,139

LH4Cp-NalP 71.890 (8.820 14.021
L15C-N3Cy 118.437 [ 118.761 119. ‘8" 119.192
LHgCy-N3Cp —122.353 | -122.388 | ~121.598 | -122.711

Table 3.12: Comparison of the total encrgies (hartrees) and corresponding energy dif-
ferences (given in hartrees and keal/mole) for the global (0y) and the local minima
(0k,k=1-3) of PTPs with R'=F and R2=Cl, (n=1-1).

i Eigm(har) | ZNaPi-NiS; | £CaNy P3N, | Alhar) | Al(keal/nioke)

[y -3327.7945477 -42.681 179.677
0, -3327.7912147 223.296 174.371 0.0033 2.1
0, -3327.7907790 59.034 175.525 0.0088 24

03 -3327.7871092 194.824 208.139 0.0074 4.7
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“Table
(Og,k=

Bond

0

1.450
1.551
1.660
1.562
1.637
1.539
2.120
1.760
2.021
2.035
2.070
2.090
1104
1.106
1.100
1.438
1110
1.107
1.110

45

Comparison of hond lengths (A) for the global (o) and the local minima
of PTPs with R'=Cl and R2=Cl, (n=1-4).
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A6

Table 3.14: Comparison of bond angles (degrees) for the global (0y) and the local minima

-3) of PTPs with R'=Cl and R2=Cl, (n=1-1).

Bond anglc | 0p
Z0,S,N, | 120.656
LSNP, 116.969
LNPyN2 | 109.659
LP\NoPy | 127426
LNP3N3 | 112718
LR'N;S; 110.753
LC\SiN; | 106.719
LRIP\N; | 105.837
LR3P\N, 102.674
LR3PN; | 103473
LR3P;N, 104.605
LH,CySy 105.424
L11,CySy 106.393
LH3C, S, 110.223
LCyN3P, | 130.705
LH4CoNy | 112523
LH5CoNs | 108.389
£1C,Ng | 112,593

0
123.456
119.091
110.581
122.264
112,930
109.442
106.164
101.705
106.230
102.529
105.051
105.556
105.331
110.963
128.757
112,575
108.
112,559

118.866
11519

106.264

107.075
104.087
105.436
106.505
106.466

108.780

112.051

102.95
101775

6

104.9
107.407
105.950
108.811
128.331
113.421
108.811
111.621
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“Table 3.15: Comparisan of dibiedral angles (degrees) for the global (05) and the local
minima (k=1 3) of PTPs with R1=

Dilicdral angle
PN -5,0,
LNoPy iS5y
£,Ny Py Ny
N3Nl
LR'S; N, Oy 124.887
LG8 -NiR! 108.082
lltfl’,~N.N‘, 127,041 123.608
LREP,-N R} 107.294 | 108.130
LREPyNoNy | 127.526 | 129.621

LR2P,-NaRE | 103.084 | 104.024 103.170
ALC8,0, | 52861 | 52224 149.622
117519 | -116.546 -119.150
120.343 121.289
181.700 190.281
65.473 28.120
118.538 118.676 | 118.964
122450 -122.642 | 122,487

Table 3.16: Comparison of the total energies (hartrees) and corresponding encrgy dif-
ferences (given in hartrees and keal/mole) for the global (0g) and the local minima
(Ok=1 1) of PTPs with R'=Cl and R2=CI, (n=1-4).

....(l r) LN,P NS, | £CoNy- le' AE(har) | AB(kcal/molc)
55 T

Oy -29.711 7=
0 49.418 0.0011 0.7
0y 178.971 0.0042 2.6

0y 3687.2310020 233.941 § 90 281 0.0053 3.3
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(iii) Model compounds with one more NP(Cl,) group.

We have investigated the global minima of two other model compounds with one extra

NP(Cly) group in between sulfur atom and the end group along the backbone, (extended

backbone chain) with R'=F (model 5) and R'=CI (model 6). We hope these extended

madels are closer to the polymer structure than the model componnds 3

. Inorder
Lo focus on the suructural differences hetween model componnds 3-1 and 56, we compare
the geometrical parameters of model componnd § with these of model compound 3, and
model compound 6 with those of model compound 4. Model 5-6 compounds also allow
us to invstigate the NSN hond angle and SN single houd length.

No significant variations (less than 0.02 A) in the hond lengths have heen observed

between the global minima of model 3 and model 5 compounds. The “single-double™ bond
& i 4!

alternation along the chain backl is clearly distinguishable in model ¢ 15, as
13 y

usual in the chlorinated compounds. The difference between the “single” and “double”

bonds is approximately 0.1 A. The “single” Ny-1, and “double” P

=N, honds are longer
near sulfur. We note that the hond lengths are relatively unaffected by the lengthening
of the backbone chain.

In comparison to the model compound 3, we see from table (3.17) that. there is

an increas

in the bond angle S¢N{Py by 8°. Both S;N, Py and PyN,S; are of similar
magnitudes (~127°). The value of the NSN hond angle (107°) is close to the tetrahedral
angle. The bond angles R2P3N; and REPyN, increase by 10° for model 5 compound,

which was not observed in the first four model compounds. The remaining of the bond

angles are nearly the same as those of model 3 compound (differences are less than 2°).
Most of the dihedral angles along the backbone are readjusted by the inclusion of
NP(Cly) group. For example, in comparison to model 3, in model 5 compound the

dihedral angle 0,8,-N, Py decreas o) NoPy N,y incr

by 2

e by 82, PNy PNy
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increases by 8, and NyPy-Ni Py increases by 32°, The dibedral angles N4S;-NiPy and
14Ny SNy deviated from their expected values by 14° and 7° respectively. Positions of

ive Lo the backbone are not affected by the extra NP(Cly) group.

the substituents r

When model 6 and model 4 compounds are compared, it can be scen that, bond
lengths remain almost, unaffected by the presence of extra group along the backbone. In
hoth models 4 and 6 the “single-double” bond alternation along the chain backbhone is

very similar. The difference between the “single” and “double” bonds are approximately

0.1 A. Similar to the model compound 4, the “single” and “double” bonds arc longer near
sulfur. There is no change in the $,N;Py bond angle. But in agreement with the above
trend, in model 6, the bond angles RZPgN, and R3PgN, increase by 10° in comparison
to the R2PN bond angles in model 4. The remaining bond angles are almost the same
as those in model 4 compound.

We observe many dillerences in the dihedral angles between the model 4 and model

6 componnds. In model 6 1 alimost all dihedral angles along the backbone
increase by a few degrecs. For example, the dihedral angles 0;-NiPy increases by
5°, NaP =Ny Sy by 5.2°, Py Np-PyNy by 12° and N3Po-NiPy by 16.5°. Other two angles
N4S;- Ny Py and P3N4-S;N; deviated from their expected values 180° and 0° by 9° and
18° respectively. This could compensate for the increase in the bond angles RZP3N, and
REP3N, as noted above. This distortion is expected in the presence of sulfur. Positions
of the substituents (R? atoms) are not affected by the extra NP(Cly) group.

We conclude this subscetion by pointing out that, the extended model compounds ex-
hibit similar strauctures as the short model compounds (the end groups have no significant

effect on the structure
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Table 3.17: Comparison of (a) bond lengths (A), and (b) bond angles (degrees) of
extended PTPs with R'=Cl, F and R2=Cl, (n=1-6).

(a) (b)

Bond | model 5 | model 6 Bond Angle | model 5 | model 6

R'=F | R'=Cl R'=F | R'=Cl
§,=0, 1.443 1.447 L0,5,Ny 123.951 | 118.920
Si=N; 1.546 1.570 L5(N,P, 126.526 | 114.458
N;-P, 1.645 1.658 LN;PN, 113.023 | 109.429
Py=N; | 1.569 1.556 LP,N;P; 120.445 | 131.181
Ng-P, 1.640 1.624 LN,P,Ng 111.866 | 113.043
P,=N3 | 1.539 1.537 LR'S;N; 106.631 | 110.077
S-R! 1.599 2.093 LCy N3P, 131.853 | 129.846
Ny=S, 1.599 1.608 LNS,N; 107.040 | 107.026
P3=N,| 1573 1.578 LP3N,S, 128.549 | 125.563
P,-R} 2.041 2.044 LR}P)N, 107.304 | 106.889
P-R3 | 2033 | 2.016 LR3P,N, 99.860 | 103.849
PR3 2.081 2.084 LR3P;N; 102.159 | 100.061
P-R{ | 2.088 2.084 LR}P;N; 105.978 | 107.263
Ps-R} 2.031 2.025 LR3P3N, 114.482 | 116.808
Ps-R§ 2.034 2.032 LRIP3N, 117.364 | 114.619
P3-C; 1.573 1.578 LH,C,N; 113.799 | 113.654
Ns-C 1.435 1.436 LH,CyH, 107.518 | 107.618
C,-H, L110 1.110 LH3C\H, 108.157 | 108.021
Cy-H; 1.107 1.108 LCyP3Ny 105.310 | 106.626
Cy-Hs L110 1.110 LH,C,N, 106.929 | 107.541
C-Hy 1.106 1.106 LH5C3N, 108.918 | 109.419
Cy-Hs 1.105 1.104 LHgCaN; 110.853 | 110.516
Cp-Hg 1.101 1.103
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‘omparison of () dihedral angles(degrees) of extended PTPs with R'=CI,
1, (n=1-6).

(O]
Dilicdral anglc | model 5

RI=F
£0,5,-N;P; | —60.718
LN2Py-NiS, -34.52 | -24.182

LP;Na-PN; | 177.520 | -167.677
INsPy-N,Py | 25931 | 17.308
LR'S,-N,;0; 122.420 | 124.317
LC\N3-P;N; | -170.484 | -171.713
INgS;-NiPy | 166.352 | -171.180
LP3N-S\N; 7.085 | 17.996
LR}P,-N; N 128.014 | 124.481
LR3P,-N;R? | 106.566 | 107.553
[R3P,-NoN3 | 130542 | 129.602
LR3P2-N,R3 102.380 | 102.021
LR2P3-N,S; 69.058 | 42.424
LR3P3-N,S, ~52.486 | -80.353
U,Cy-NyP, | 25319 | 25.532
LH,C,-1; N3 | ~120.210 | -120.301
~115.407 | -115.764
-173.281 | 160.986
-47.879 | -64.386
~116.202 | ~116.986
L116Cy-14Py | ~121.909 | -122.092
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3.2 Conformational Analysis

In this section we examine the locations and the energies of the local minima

tive Lo
the global minimum in the PTPs model compounds. ln the above seetions the structural

changes between

have been discussed. This structural analy

X points

to the fact that the multidimensional CPES has a comy 4 structure, The main

observations can be summarized as follows: (1) some va

ious of boud lengths have heen

noted with greater changes observed in the componnds with R!

2) the openings of the
backbone hond angles upon rotation arc present, in all model componnds; () a numher
of dihedral angle couplings have occurred, we especially noted the coupling hotween the
N2Pi=N;S; and the CsNa-P2N, dihedral angles which s exhibited in all componnds; (4)
other Lorsional angles (sce the values of NaPa-NyPy diliedral anglos in tablos 3.1 3.10)
relax as well producing model componnds which are more distorted than the original
lowest minimum structures. To illustrate the mode of couplings we plot two dimensional
figures (3.7-3.10) of the locations of the minima as a function of the NPy N,Sq dilieclral
angle and the coupled mode. In figures (3.7) and (3.8) the conpled made is the $N, Py
bond angle. In figures (3.9) and (3.10) the coupled mode is the CyNy-PyN, diledral
angle. From these figures we note that there appears to be a one to one correspondence
between the minima for the hydrogen substituted model compounds as well as for the
chlorine substituted model compounds.

Figures (3.7) and (3.8) illustrate that the magnitudes of the bond angle openings are

parable in both the hyd I and chlorinated model compounds, In addition the
scalder in the minima locations is larger in model compound with R'=F than in model

compound with R'=Cl in the case of the hydrogen substituted. These variations are

approximately comparable in the chlorine substituted model compounds, We also note

that the large boud angle openings occurred in the vieinity of 240° for the NoP'y Ny,
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difiedral angle in most of the model compounds.
In figures (3.9) and (3.10) the values of the CyNy-P,N; dihedral angle range between
140° 1o 220°. However, these figures clearly show that there is greater scattering of

points for the model compounds 1 and 2 in comparison to the model compounds 3

and 4 indicating that the dihedral angle couplings (which are not common in organic

Is) are 1 in model d

| and 2 than in model compounds
3 and 4. Wihich again indicate that the presence of hydrogens on phosphorus atoms
makes the backbones of these model compounds less rigid. Moreover in both figures
(3.9) and (3.10) when the compounds with R'=F are compared with compounds with

R'=Cl larger variations in the minima locations are observed in compounds with R'=F,

sugaesting that the compounds with fluorine on sulfur are more “fexible” than model
compounds with chlorine on sulfur.

From these figures (3.7-3.10) a pattern regarding the locations of the minima can be
deduced. In general one would expect that minima may be located near the following

values for the NoPy-NS; dihedral angle: —50°, 90°, 180° and 240° for the hydrogen

substituted model ls. The cor ding values for the chlorine substituted

model compounds are: —50°, 60°, 180° and 240°. Other minima may be present. For
simplicity we reduced the complicated CPES to three dimensional graphs where the
conformational cnergy differences dependence on the NPy-N;S; and the C;Ng-P,N,
dihedral angles are shown (see figures 3.11 and 3.12). The solid bars of o’s or pluses are
used as an aid in locating the minima and for the comparison of the energy diflerences
and are thus to he taken strictly a guide to an cye.

In table (3.4) we present the energy results for the model 1 compound. The energy
differences corresponding to the 0y, 03 and 05 conformations relative to the global min-
fmum are 1.1, 1.1, 1.4 and 2.3 keal/mole respectively. As expected (58, 57] (from the

rigid rotor and the ab initio calculations) these energy differences are small and fairly
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flat. The actual values for the NyPy-NyS; dihedral angle for these minima are: 93°, 2420
276° and 177°. The values of C;N3-P;N; dihedral angles are also included in table (3.1).
In table (3.8) we give similar results for the model 2 compound. The energy differences
corresponding Lo the 0y, 0; and 03 conformations relative Lo the global mininmm are 0.6,
1.6, 3.0 and 3.6 keal /mole respectively. The local minima occur at the following Na1*
NiS1 dihedral angles: 96°, —22%, 186° and 249°. The energy differences for the model
compounds 1 and 2 are directly compared in figure 3.11. With the exception of the sec-
ond lowest local minimum the encrgy differences for the model 2 compound with ¢l on
$ are somewhat higher (by approximately 1 keal/mole) than for the model 1 compound
with F on Sy. The energy differences in model 2 componnd are less “flat” in comparison
to the above numbers for model 1 compound. It would appear that the preseuce of €1
on § is energetically more costly when the full 360° rotation around the Ny 1y hond s
performed.

In table (3.12) we present the conformational cnergy differences for model 3 com-

la

pound. The energy differcnces corresponding to the 0y, 03 and 0y conformations re

e
to the global minimum are 2.1, 2.4 and 4.7 keal/mole respectively. The local minima
occur at the following N,Py-N;S; dihedral angles: 223°, 59° and 195°. These energy
differences are plotted in figure 3.12.

Finally, in table (3.16) we present the conformational energy dil nees for model

4 I The energy dill 1o the 0y, 0 and 0y conformations

relative Lo the global minimum are 0.7, 2.6 and 3.3 keal/mole respectively. The local

minima occur at the following N2P\-N;S; dihedral angles: 49, 179° and 234°. These

energy differences are also plotted in figure 3.12 and can he directly compared with the
results for the model 3 compound. It is difficult to make conclusions based on these results
regarding the chain flexibility. For example in model 3 compound we did not. find a local

minimum with as small energy difference as the one obtained for model 4 compound.
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However, in both model ls, the cnergy diff arc ble. We note

that, they are not. “flat” but tend Lo inerease as the dihedral angle, NoPy-N; Sy, varies. In

s are

general the conformational encrgy dif in chlorine substituted model
ligher by 1 or 2 keal/mole in comparison to the hydrogen substituted model compounds

energy differcnces are approximately the same). In addition, it

(althongh the smalles
should be pointed out, the order of minima located near 240° and 180° in the compound
with F on S, is reversed in comparison to this ordering in the compound with Clon Sy in
the hydrogen substituted model compounds. Similarly, the order of minima located near
200° and 60° in the compound with F on S, is reversed in comparison to this ordering in

the compound with Clon Sy in the chlorine substituted model compounds.
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Figure 3.7: The location of the minima are shown as Tmction of the diedral angle
NaPi=N;$; and the bond angle SN Py (in degrees) for the model compounds | (It}=1"
and R2 (n=1-1) = H) and 2 (R}=Cl and R? (n=1-1) = II).

Figure 3.8: The location of the minima are shown as function of the dibedral angle
N2P1-N; Sy and the bond angle $;NyPy (in degrees) for the model compounds 3 ()=
and RZ (n=1-4) =Cl) and 1 (R}=Cl and RZ (n=1-4) =Cl). The capital lotbers, Cis,
indicate the location of the global minima.
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Figure The location of the minima are shown as a funclion of two dihedral angles
NaPy -NiSp and C,Na-P,Na (in degrees) for the model compounds 1 (Ri=F and R?

(n=1-1) =H) and 2 (R}=Cl and R? (n=1-4) =H).

Figure 3.10: The location of the minima are shown as function of two dihedral angles
NaPy-NiS; and C;Na-PaNa (in degrees) for the model compounds 3 (RI=F and R?
(n=1-1) = C1) and 4 (R!=Cl and R (n=I-4) =Cl). The capital letters, Gs, indicate
the location of the global minima,
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Figure 3.11: The variation of the conformational cnergy differences (in kealjmole) is
shown as a finction of two diledral angles NoPy- Ny 8y and CyNy PN, (in degrees) for
the model compounds 1 (RI=F and B =11) and 2 (I=Cl and 1, —11) (n=1 1)

Figure 3.12: The variation of the conformational energy dlifferences (in keal/mole) i
shown as a function of two diledral angles NoPy~Ny S and CyNg- PNy (in degrees) for
the model compounds 3 (R}=F and R? = Cl)and 4 (R}=Cl and R2 = Cl) (n=1 1).




Chapter 4

Classical Poly (phosphazenes)

In this chapler we will preseit, the results of our DFT calculations for the inorganic
polymers classical poly(phosphazencs) (CPPs) (sce figure 1.2). The polymer backbone
comists of allernating phosphorus and nitrogen atoms, with twoside groups, R, attached
toeach phosphorus, We investigated the global and local minima of CPPs with ouly one
Lype of substituent, (R=C1). We label this model componnd as model 7 with R=Cl.

The rotation around NPy bond (same as Ny-Py bond in model compounds 1-4, but
the atom numbering will be diferent.) is indicated as ¢ in figure 4.1, The completely

optimized geometrical parameters (thatis bond lengthis, bond angles and diliedral angles),

the energies and the corresponding energy diflerences between the global and the local

minima conformations are given in tables (4.1-41.4) The torsional angles ¢'s are given as

NPy Ny 1y dihedral angles. We are using the same type of notations 0g and 0,, (n=1,2..)

for global and local minima structures as in the previous chapter (3). The geometry

optimized, near planar, trans-cis, global minimum structure for the model 7 compound

59
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is displayed in the figure 4.1.

Figure 4.1: Stick figure of model 7 compound (R=Cl) with the plane formed by P-N-P
+ atoms parallel to the paper. The geometries plotted correspond to the global minimum
parameters given in tables (4.1—4.4).

4.1  Structural Analysis

CPPs with only one type of side group exhibit more symmetry and regularity than PTPs.
For the model 7 compound we have found four local minima in addition to the global one
and the global minimum assumes a planar cis-trans conformation. The corresponding
model compound in PTPs is the model 4 compound.

In agreement with the experimental studies [17), the bonding structure in the back-
bone of all conformations is represented as a series of alternating single and double bonds.
It can be seen that, all single N-P bonds are nearly the same length within the confor-
mation and between the other conformations. Similarly the double bonds Py=N; and
P2=Nj have nearly the same length in all conformations. The bond length Py=Nj, is
shorter than the “double” bond, P=N, in all conformations. This shorter bond length is

also seen in model 4 compound (P;=N3) and in model 6 compound (P;=Nj). In all local
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minima conformations (0 1o 03) we can s

small decrease in the P-N bonds (single and
double) in the first half of the model compound and small increase in the P-N_ bonds
(single and donble) in the second half of the chain in comparison to the global minimum

Oy, “The difference between single and double bonds (& 0.074) is not as large as in the

I"I'Ps (0.1A). In conirast to the PTPs, all P~R. bonds have the same bond lengths in all
conformations. Overall the bond lengths show no substantial variations between the con-
formations or within the conformation. Thus, the bond lengths are relatively unaffected
by the conformational changes. (see tabled.1)

In this model compound, similar to PTPs model compounds, we observe PyN,P;
honel angle opening. The PyN P, bond angle opens up 2°, 11° and 13° in the second,
Whird and fourth local minima respectively. Small decrease (5°) has been observed in
the 04 couformation, this decrease is accompanied by an opening of P{N,P3 bond angle
by 5° relative to the 0y conformation. Another important observation is that, in all
conformations the angles, Ry P{N; and R,P;N,, are much bigger than the remaining
RPN hond angles which are close to 105°. The difference is ~11°. This is true in all
conformations, This may be atiributed the end group effect. All the other hond angles
remain relatively insensitive Lo the rotations. There is some variation in the PN, Py with
some decrease o some increase by a few degrees depending on the conformation. (scc
table 4.2)

From diliedral angle values (see table 4.3) we note that the rotation around the Ny-
Py bond is coupled Lo other rotational mode, that is P3—N; bond is also simultancously
rotated, as exhibited by the values of NyPy-N2P, dihiedral angles. These couplings are
not. the same Lype that have been observed in PTPs. Deviations of the dihedral angle
Nal’z NPy in local minima 0y, 0, 03 and 04, from that of global minimum 0y are 15°,
%, 13.5° and 25° The dihedral angles PsN,~P,N; and C;N3—PsN; in the first local

mininum deviated from their expected values 180° by 15°, where as they are almost
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180° in all global and local minima conformations. The position of the substituent Ry

relative to the backbone is readjusted by 10° to 15° depending on the conformation. This

could compensate for the increase in the bond angle R, 1) N;. The important conelusion
regarding the dihedral angles is that, the rotation around Ny P2 hond affected the neigh-
boring dihedral angles. This suggests that the distortions duc to the rotation are more

localized.
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Table 4
(O k

Comparison of hond Iengths (A) for the global (Go) and the local minima
3) of CPPs with R=CI.

Bond | 0o | 0i | 02 | 05 | 0

Pi=N, | 1.5 1.568 | 1.557 | 1.536 |
Ni—P | 1.627 | 1.633 | 1.626 | 1.621 | 1.621
P,=N; | 1.571 | 1571 | 1569 | 1.564 | 1.560
Ny—Ps | 1.632 [ 1.629 | 1.634 | 1.633 | 1.630
1538 | 1539 | 1.542 | 1.541
2.039 | 2.033 | 2.041 | 2.041
2.029 | 2.034 | 2.039 | 2.041
2.036 | 2.037 | 2.053 | 2.016
2.034 | 2.028 | 2.042 | 2.047
2.094 | 2.074 | 2.078 | 2.083
2.081 | 2.100 | 2.085 | 2.084
1.439 | 1.440 | 1437 | 1437
1.779 | 1.783 | 1781 | 1.783
1.103 | 1.103 | 1102 | 1.103
1.104 | 1105 | 1104 | 1105
1.105 | 1.104 | 1104 | 1105
1109 | 1110 | 1.110 | 1.109
1.107 | 1107 | 1.106 | 1105
LII2 | L] LI L
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Table 4.2: Comparison of bond angles (degrees) for the global (0g) and the local minina
(0,k=1-3) of CPPs with R=CI.

Bond angle | 0o 0| 0 0y

ZR,P\N, [ T15.990 | 116031 | T16.150 | 116,141
LPIN Py | 123,728 | 119.059 | 125494 | 134.653
ZN{PNy | 110.650 | 109.603 | 111747 | 109.002
LPN,Py | 123.596 | 128.103 | 124.868 | 121.076
£NaP3Ng | 113,303 | 114408 | 114557 | 113.244
LRPINy | 116.308 | 115942 | 116078 | 115.268
LCPINy [ 108.929 | 109565 | 109,171 | 110.52%
LRsP;N; [ 105.136 | 105.428 | 105446 | 107.806
LRP;N, | 104.950 | 106316 | 104.658 g
LRsPsN; | 103.904 | 104.226 | 102855 | 103.344 [ 104.181
ZReP3N; [ 104.127 | 103399 | 104154 | 105.300
LGP, | 110,675 [ 109951 | 110.533 [ 110.242 [ 109.861
L11,C,Py | 107.964 | 108.259 | 108.056 07.877
L1,C, Py | 107.883 | 108.927 | 107043
LCN3Ps | 128,011 | 127.813 | 128.262
LH,CNy | 112638 | 113176 | 112257
£1isC;N; | 108.798 | 108763 | 108,908
£11gCN3 | 112.487 | 112.190 | 113014 [ 112585
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Table4.3: Comparison of diliedral angles (A) for the global (0g) and the local minima
(0 k=1 3) of CPPs with R=CI.
Dilicdral anglc | 0 0 0z 0 0
ZPNy PR, | 63501 | —06.139 | 62.718 | —49.117 | —62.187
LNP;-N, P, 0.516 7546 | -7.195 | ~162.846 | 177.464
LPNg-PoNy | ~178.139 | -156.148 | 179.475 | 178,644 | ~177.244
INgPy-NoPy | 0964 | -15.346 | 34.699 | 12505 1451

LRP-NGRy | 122200 | 122110 | 121506 | 120701 | 120124
£GP -NGRy | 118927 | 120120 | 119.631 | 119.249 | 119752
LRyP; NN, 3| 120680 | 124.471 | 126249 | 125124
LRP-NG Iy | 107890 | 107677 | 108.618 | 108481 | 108.667
LRgPy-NgN; | 128088 | 127.662 | 128.347 | 128.106 | 128.078
NoRy | 103341 | 102010 | 103.384 | 103677 | 103.312
PRy | 54409 | 55511 | 53.481 | 5655 | 51966
Pyll, | -120.760 | -120.110 | -120.658 | ~121.077 | -120.574
Pyl | 120739 | 120.804 | 120.700 | 120346 | 120.749
—179.802 | 162710 | 174.961 | ~175.555 | 174.287
50200 | 67.591 | 76.431 | 54.634 | 65.564
119.052 | 119436 | 118.687 | 119.083 | 119.057
-122.230 | -122.210 | ~122.066 | -122.082

Table 4.4: Comparison of total energies (hartrees) and corresponding energy differences
(givenin hartrees and keal/mole) for the global (0) and the local minima (0x,k=1-3) of
CPPs with R=Cl

ini Eotat(har) IN2P2—NPy | AE(har) | AE(kcal/mole)
0y -4014.605993 0.516 — =
0 ~4014.605463 7.546 0.0005 0.33
0y -4014.605458 ~7.195 0.0005 0.33
Oy -4014.605093 -162.846 0.0009 0.56
[ -1014.604220 177.4C: 0.0013 1.10
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4.2 Conformational Analysis

In this section we examine the locations and the energies of the local minima relative
to the global minimum in the CPPs model compounds. The global mininwum of the

model compound has a planar cis-trans conformation. The conformations assumed by

the model compound can be understood mainly in terms of the repulsions or actions
between the side groups attached to ncarby phosphorus atoms. The cis-trans planar
conformation allows the side groups lo move as far away from cach other as possible,
Hence, this conformation should minimize the repulsions and generate the lowest energy.
Our DFT caleulations tend to confirm this supposition for all model compornds, The
expected symmetry and the regularity of the model compound is not disturbed,

In the previous section we have discussed the structural changes hetween conforma-
tions. Similar to PTPs, we observe bond angle openings and dihedral angle couplings in

CPP model compound, although the couplings are not ne

cssarily of the

s type.

Trom these figure (4.2) a pattern regarding the locations of the minima can he de-
duced. In general one would expect that minima may be located near the following values
for the NPy-Ny Py dihedral angle for CPPs: 0%, 90°, 180°, and 240°. Bul, surprisingly we
could not find any minima near 90°, The global and local minima oceur ab. Lhe following
NyP,-Ny Py dihedral angles: 0°, 8°, -7°, ~163°, and 177,

In table (4.4) we present the conformational energy differences for the model 7 con-
pound. The actual values of NyPy-NiPy dihedral angles are also included in table (4.4).
The cnergy differences corresponding Lo the 0y, 0, Oy and 0 conformations relative o

the global minimum are 0.33, 0.33, 0.56, an 1.10 kcal/mole

ively, These encray
differences are plotted in figure 4.3, as a function of agle of rotation, As expected the
energy differences in this model compound are significantly smallor than the energy dif

ferences for the other model compounds studied so far. These small cuergy differences (al
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agiven temperature) suggest that CPP model compound is more “flexible” than PTP

model componnds,

4.3 Comparison between CPP and PTP.

In this section we will discuss about, the structural differences between the conformations
of the CPPs and PTPs wilh chlorine substituents on phosphorous atoms. In order to

how the presence of sulfur in backbone chain of the PTPs affects the conformational

st
stability, we compare the oplimized geometrical parameters of the CPP model compound
(7), with the ones in PTP model compounds (4, 6).

The optimized geometrical parameters (bond lengths, bond angles and dihedral an-
gles) for PTP and CPP model componnds are given in lables (3.13-3.16, 4.1--4.4). [n the
global minimum conformations, it can be seen that there are no significant varialions in
the bond lengths except slight changes in the P-N bond lengths near sulfur (sce tables
3.13,4.1). Similarly there are no big differences in the bond angles. But PNP bond angle
is decreased by 4° whercas NPN bond angles along the backbone are not affected by the

presence of sulfur,

Significant dilferences are observed in the dibedral angles. We can see that, (see
tables 3.15,4.3) the presence of sulfur caused rotation (= 30°) around Nj—P2 bond and
distorts the planarity (cis) near sullur, as cxhibited by the values of N;P2-N,Py and
N,Pi-N, 8 dihedral angles. This dihedral angle NoP\-N;§) deviated almost, 30° from
the ris conformation. This trend is not true for all dihedral angles along the backbone. In
I"IPs other dihedral angles along the back bone PaNy-Py Ny, NgPa—N; Py and CoNg-P3Ny
indicate that the chain backbone has acquired a planar struclure except near the sulfur
atom. Tu PTPs only one dihedral angle near sulfur deviated from the planar structure

by large amount, with the remaining dihedral angles close to the ideal values whereas
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CPPs have complete plaar structure.  This trend is completely reversed in the local
minima conformations of PTPs (sce tables 3.13. Alllocal minima of CPP: are very ¢lose
to planar structure, whereas all local minima of PTPs are distorted a kot from planarity
(not only near sulfur).

The cnergy differences between different conformations of CPPs are smaller than the
corresponding values in PTPs ( scc tables (4.4), (3.12)). The fll rotation around the
Nj-P2 bond in CPPs is incxpensive energetically. Our computations also show that, the
calculation of the local minima in CPPs were relatively straight. Torward in comparison
to PTPs. Based on the energy diflerences we can say that the CPP backbone is more
flexible than the backbane of PTPs. So, the presence of the highly polar S=0 group

lends to decrease skeletal llexibility relative lo CPPs.
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2 The location of the minima arc shown as function of the dihedral angle
Ny Py and the bond angle PN, Py (in degrees) for the model compound 7 (R=C1).
Phe capital letters, Gs, indicate the location of the global minima.

Figure 4.3 The variation of the conformational energy differences (in keal /mole) is shown
as a function of diliedral angle NyPy-NyPy (in degrees) for the model compounds 7,

(R=C1)
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Radial density distribution - Charge delocalization

in ela

The skeletal bonds in phosphazenes not. like their counterparts

organic

polymers. To understand the differences, it is necessary to consider the dispositions of

the valence clectrons in a short segment of the chain. Bach phosphorus atom provides

five valence electrons per repeating unit, and cach nitrogen contributes an additional

five. If two of the clectrons from nitrogen are confined Lo a lone pair orbital, and electron

pairs are assigned to the sigm-. bond framework, two clectrons are lefl. unacconnted fory
one from phosphorus and one from nitrogen. These electrons do not. remain unpaived.
It is believed that the electron on nitrogen is accommodated in a 2p. orbital, and the

one from phosphorus in a 3d orbital. 1t is believed that the pi-bonds are delocalized

over three atoms [59]. They are not broadly delocalized over the whole chain heca
of the orbital mismatch and nodes that oceur at every phosphorus and sulfur in 1'Ps,
The charge transfer and the electronic structure of these compounds have ot yet. been
studied in detail at a quantum mechanical level.

We have plotted, (sce figure, 5.1) the main result of the calenlation dzr2p(r) as the
appropriate measure of the magnitude of the radial charge density [60] at distance  from

the nucleus. The radial density distribution function is compnted from the spherically

averaged numerical density. Here p(r) denotes the spherical average of lectronic charge
density p(r). The radial charge density (4712(r)) is the amonnt of charge contained

between 7 and r+dr.

The electron density distribution of the atoms (along the backbone), corresponding
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1o the equilibrinm geometrics, (for PTPs and CPPs) have been plotted in figure (5.1).

om and its neighboring atoms along the backbone.

I each plot we have one hackbone
We plot, the electron density distributions of one main atom and its mirror image and the
two neighbor atoms, whereas Uhe main atom is taken as the reference of scale. We plotted
Uhis way becanse the pi-honds are delocalized over three atoms, and it is casicr to sce
the charge delocalization in both directions. All atoms arc separated by the interatomic
distances, obtained from our calenlations.

Also in figures (5.2) we have plotted the clectronic configurations of the frec atoms

isideration of these atoms will help us in the analysis of charge transfer

PN, S eles,

effeets. 'To he more precise, we have calculated the electron density distribution of the

isolated atoms. We define the densities of isolated atoms as “atomic densities” and the
densities of atoms from the model compound as “molecular densities”. The atomic den-
sities are represented by the dotted curves in figures (5.2). In all density distributions the
inner part of the curve corresponds to bound state (core clectron) density distribution and
the outer part of the curve corresponds to the valence density distribution. Comparing

ties with the molecular densities, we can observe that in the molecular

the atomic d
densities (for phosphorus atom, sulfur atom) a depletisn of the electronic density in the
onter part of Ue curve (which corresponds to the contribution from the valence clectrons)
and an accumulation of extra charge (for nitrogen atoms) in the similar region, which
indicates the charge transfor towards N from P.

The transfer of charge from the phosphorus and sulfur atoms towards nitrogen is

elearly seen in figures (5.3), where we have plotted
Ap(r) = p(r) = parlr) (5.1)

where p(r) is the density of the atoms of our model compounds, and p(r) is the density of

the visolated” atoms. Ap is negative in the outormost part of the curve for phosphorus



Chapter 5. Radial density distribution - Charge delocalization

and sulfur atoms and it is positive for witrogen atoms. What is apparent from these

figures is that the core clectron density is almost exactly the same for hoth ixol;

o
bonded ( atoms from the model compounds) atoms. Only in the valence region, there
is a significant. dilference. A reasonable quantitative measnre of the charge transfor AQ

can be given by;

2@ = [(olr) = pautr)i.

This gives the values of ‘—0.875", *+0.51" and ‘~0.91" for the ¢ ferin P, Nand §

arge L
respectively. The charge transfer from P to Nor $ to N are not exactly equal to the charge

accumulation on N, because some charge is transferred to the other backbone clements

and the substituents, which we have not shown. The other region of oscillatory values
of Ap, between 0 and 2 au, illustrates that even though the “core™ electron densities are

not affected very much when atoms are covalently honded, however small, measurable

charge redistributions occur near the nucleus as well.
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Figure 5,15 Plots of the radial charge density distributions 4712p(r) as a function of radial
atomic distances 1 (a.n) for the atoms along the backbone, (a) Phosphorus (b) Nitrogen
(¢) Sulfur.
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Chapter 6

Relationship between the conformational analysis (chain flexibility) and

glass transition behaviour.

In this section we will discuss the relationship between the conformational analysis and

the glass transition temperature, Polymer flexibility is often defined in terms of the glass

transition temperature T, [61]. Inorganic polymer chains which generally exhibit high

llexibility have relatively low glass transition temperatures. A polymer with high T, is

believed to have a backbone that offers more resistance to bond torsion than a polymer

with a low Ty. The glass transition temperature is of considerable practical, as well as

fiundamental importance,

Poly(phosphazenes) are said to be very flexible macromolecules. Several structural
features make the poly(phosphazenes) (including PTPs) backbones very flexible in all
of polymer scienee. The reasons for the extraordinary flexibility can be seen from the
structural parameters of the compounds (sce tables 3.5 to 4.3). First, because of the

nature of the honding, [62] the P=N and P=N skeletal bonds have lengths (1.644,

1L5TA) which are larger than that (153 A) of the C~C bond found in most organic

polymers. As a resull, steric interferences or i lccular interactions are diminished

But, in PTPs one of the skeletal bonds, S=N has a length (1.5254) which is shorter

than that of the C=C bond. This could be one of the reasons for decrease in the chain

Hexibility of PTPs compared to CPPs. Also, the nitrogen skeletal atoms are small but
still have the trivaleney needed to continue a chain structure, and also the side groups
are not affected by the nitrogens. Finally the PNP bond angle ( ~ 125°) is more open

g
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than the usual tetrahedral bonding (~110° ), and torsional rotations can oceur without
incurring a serious energy penalty. (The corresponding § N I hond angle (117%) is
always smaller than the P—N—P hond augle in PTPs). These structural features have
the effect of increasing the flexibility of the chain.

In tables 6.1, 6.2 and 6.3 we summarise the conformational a

s in

previous chapters and relate it to the glass transition temperatures of the corresponding
compounds. From the tables it is seen that the PTPs have very flexible backbones (Uheir
conformational energy differences are smaller than the conformational energy differences
for the rotation around single C—C bond in organic compounds, sce for example (63]).

Our calculations show that the energy differences hetween conformations are of e order

of less than 1 keal/mole to 5 keal/mole. The height of the rotation barriers was estimated

from the rigid rotor calculations and it was found that the height of the barriers w

in
the 5-10 keal/mele [58]. By combining all these results we note that the chain backhones

of the PTP madel compounds with F and Cl on sulfur are flexible, however the

xpected
correlation of the encrgy differences with the s (lower Ty corresponding to lower energy
differcnces) has not been obscrved. Conformational energy dilferences for CP1* madel
compounds are very small, (sce table 6.3) when compared to the conformational energy
differences for the rotation around single P—N hond in TP model compounds. Our
calculations show that these energy differences for CPP model componnds are of the
order of less than 1 keal/mole. They have the smallest values among all energy dillerences
for the model compounds we have studied. In addition we note that when the structures
(global minima) of the CPP and PTP model compounds are compared, afl hond lengths
and bond angles along the chain backbone are longer for CPI* model componnd. These
are clear evidences for the high flexibility of the chain, which in this case can be correlated

with the lower T, for the CPP systems.
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Table 6.1: Energy differences between different conformations and the glass transition
temperature of PTPs with R'=F and R2=Cl, (n=1-4)

AT(har) | AE(keal/mole) | Ty
2.1

0] 0.0033
0z 0.0038 24 -56°
0y 0.0074 4.7

Table 6.2: Bnergy differences hotween different conformations and the glass transition
temperature of PTPs with R'=Cl and R2=CI, (n=1-4)

AE(har) [ AE(keal/mole) | 7y
0.7

[ 0.0011
0, 0.0042 2.6 -46°
03 0.0053 3.3

Table 6.3: Encrgy differences between different conformations and the glass transition
temperature of CPPs with R=CI.

AE(har) | Ab(kcal/mole] | T,

[ 0.00003 0.02
0y 0.00053 0.33
03 0.00090 0.56 -63°

[ 0.00177 1.10
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Conclusions

The discussion of the structural and conformational analyses indicate that. the rotation
around NPy bond in PTP model compounds leads to significant relaxations of the
other geometrical parameters. Some variations in the bond lengths have heen observed.
Also, the SNP bond angle openings as well as coupling hetween the NaPy Ni8y and
C2N3-PyN; dihedral angles are present. These couplings are shown in fignres (3.9) and
(3.10). In general one expects thal in these model compounds the minima on the CPES
may be located near the following vales of the NPy=N,S; dihedral angle: —50°, 90°
(or 60°), 180° and 240°. The valucs of the conformational encrgy differences are helween

0.6 and 5 kcal/mole. From the above discussion we also find that the encrgy differences

for the monomers with fluorine on the sulfur arc smaller than the corresponding enersy

differences for the monomers with chlorine on the sulfur in the hydrogen substituted

compounds. This is not the case in the chlorine substituted compounds which indica
that encrgics are comparable. The structural analysis indicates that the componnds with
fluorine on the sulfur exhibit more distortions (changes in bond lengths, hond angles and
dihedral angles due to the rotation) along the beckbone than compounds with ehlorine
on the sulfur. This could account for the lower T, for these compounds.

In CPPs structural and conformational analyses indicate that the rotation around Ny
P, bond leads to some relaxations of the other geometrical parameters. Symmelry and

regularity has been observed in all conformations. PNP bond angle openings are present.

The rotation around Ny-Pz bond is coupled with other rotational modes, although not
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the same as in PTPs. The distortion caused by the rotation has only local effect. For CPP
model componds we found minimia near the following values of NoPa—N;Py dihedral
angle: 0°, 8, =7°, —168° and 177°. The conformational cnergy differences for these
componnds are very small (less than | keal/molc), which indicate that full rotation
(360°) around Ny—Py bond is energetically inexpensive, The structural analysis and the

conformational energy differences indicate, that CPPs backbone is more flexible than the

backbone of PTPs. The presence of sulfur leads to a decrease in skeletal flexibility.

The radial charge density distribution function, D(r)=47r2p(r) is computed from the
B Y P ¥

spherically averaged numerical densitics. The charge distribution along the backbone

chain is explained.  Using the spherically averaged total electron densitics it is shown
ki

that, the chiarge along the | of the model is partially del and
acenmulates primarily on the nitrogen atoms. Mulliken population analysis [64] from our
caleulations is also suggesting the same.

Finally, we correlated the conformational analysis results with the experimentally

obtained, Tys. The results are in good agreement for hydrogenated PTPs and CPPs.
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