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Study of the Molecular Geometry, Electronic Structure, and Thermal Stability of
Phosphazene and Heterophosphazene Rings with ab Initio Molecular Orbital Calculations
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Ab initio molecular orbital calculations at the MP2/6-31G* level of theory have been used to study the molecular
geometry, electronic structure, and the thermal stability of six-membered phosphazene and heterophosphazene
rings. The studies included the phosphazene ring [MBGhe carbophosphazene ring [(NCCI)(NRg]l and

three thionylphosphazene rings [[NSOX)(NRell(X = F, Cl) and [(NSOF)(NP%);] and their cations [(NPCI)-
(NPCh)2] ™, [(NC)(NPCL),] T, and [(NSO)(NPY¥),]* (Y = F, Cl). The ring skeleton of the phosphazene ring, the
carbophosphazene ring and of all cation rings adopt a planar conformation; the ring skeletons of the
thionylphosphazene rings adopt an envelope conformation. The valence electron charge density of the molecules
indicates strong charge separations along their skeleton and is in agreement with Dewar’s island delocalization
model. The electrostatic potential in the vicinity of the neutral heterophosphazene rings which results from their
electronic structure, and the position of the HOMO indicate that a heterolytic cleavage of a ligand and the opening
of the ring involving a reaction with a electrophilic cation will most likely occur at the nitrogen atoms close to

the heteroatom. The thermal stability of the phosphazene ring with respect to a cleavage of chlorine from phosphorus
and the thermal stability of the heterophosphazene rings with respect to the cleavage of the halogen ligand bonded
to the heteroatom were studied with several model reactions. Most of the reactions are exothermic. A comparison
of isodesmic reactions shows that the thionylphosphazenes molecules are the least thermally stable rings with
respect to ionization and that the carbophosphazene molecules are the most thermally stable rings with respect to
ionization. The energy gains during the ionization reaction of the rings correlate well with the conformational
changes which occur during the reactions.

CL Cl (|3I X /,o

Polymers with a main chain constructed from inorganic ele- fl\l”P\[;l rI\(/C"r}J l'\l”s\ll;l
ments can often be synthesized from cyclic inorganic rings via  ci—P<s-P~¢; cPsyPc) Y=Ps Py
a thermally induced ring opening polymerizatioi. The thermal cr cl cr cl Y Y
ring opening polymerization of the six-membered phosphazene ) @ @)a: X=Cl,Y=Cl
rings [NPC}]s (1),° carbophosphazene rings [(NCCI)(NR)2] (3)b: X=F, Y=ClI
(2), and thionylphosphazene rings [(NSOX)(NRgJl (X = @ec: X=F, Y=F
F, Cl) 3a,b (see Figure 1) yield poly(dichlorophosphazene)
[NPCl],, poly(carbophosphazene) [(NCCI)(NRB)T4,2 and poly- ¢ ® e
(thionylphosphazene) [(NSOX)(NP&J, (X = F, ClI)>* poly- PN OSSN N7
mers. The polymerization mechanism is, in addition to molec- b b b b Y,','a\\ /'lp_‘Y
ular geometry and electronic structure of the rings, an area of C(';r" SNTEC C'Cr‘ SNTGC v vy
particular interest. Initial studies suggested a cationic chain '
growth process with an initiation step involving the formation @ ® 22}:; t i'

of a cationic ring by the heterolytic cleavage of a substitGeht.
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Figure 1. Phosphazeng, carbophosphazergeand thionylphosphazene
rings 3a—c, and their cationgd—6a,b.

In the last decades, computational methods have become
important for studying the properties of molecules. Previous
ab initio quantum chemical studies on the structure and bonding
of cyclic and short chain linear phosphazene molecules were
carried out by Trinquié¥'© and Ferris et all12 Subsequently
we performed in our group quantum chemical calculations which
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Table 1. MP2/6-31G* ab Initio Results on the Molecular Geometry
of the Neutral Cyclic Molecule§—3c, E = C for 1, and E= S for
3a—c

1 2 3a 3b 3c
r(Ni—Py) in A 1.60 1.62 1.62 1.62 1.60
r(Pi—Ny) in A 1.60 1.60 1.60 1.60 1.58
r(E—Nj) in A - 1.33 1.58 1.58 1.57
O(N—P-N)indeg 118.7 1175 1175 1173 117.8
O(P-N—P)indeg 121.3 1155 1204 120.8 120.9
O(E—N—P) in deg - 1183 1201 1198 121.0
O(N—E—N) in deg — 133.0 113.3 1146 1142
gindeg 0.0 0.0 32.1 315 27.5

focused on the structure and chain flexibility of linear, short
chain thionylphosphazene moleculést® In this paper, we want
to study the molecular geometry and the electronic structure of

Jaeger et al.

Figure 2. Thionylphosphazene ringb. The definition of atoms E,
N1, Pi, and N and the plane anglé which describes the ring tilt are
shown on this model.

the six membered phosphazene and heterophosphazene rings

1—3a—c and their cationgl—6a,b and the thermal stability of
the neutral ringd—3a—c with respect to the heterolytic cleavage
of a ligand with ab initio molecular orbital calculations.

Computational Methods

Gaussian 94 ab initio calculations were carried out on Silicon
Graphics Indy R4600 and Silicon Graphics O2 R10000 workstatfdris.
The graphical presentations of the molecules were created with the
Ceriug molecular modeling packadé.The charge densities and
molecular orbitals were plotted with the IRIS Explorer graphics package.

Calculations were carried out at the closed shell Hartfesck and
closed shell MP2 (second-order MghePlesset perturbation theory)
level of theory with the 6-31G* polarized split valence basis set. A
comparison of experimental and calculated (RHF and MP2) molecular
geometries is presented at the end of the following section.

Molecular Geometries of the Ring Molecules and their
Cations

We first want to discuss structural parameters of the inorganic

able 2. MP2/6-31G* ab Initio Results on the Molecular Geometry
of the Cationic Cyclic Moleculed—6b; E is the Phosphorus Atom
Where the Cleavage Occurred f#rE = C for 5, and E= S for
6a,b

4 5 6a 6b

r(Ni—Py) in A 1.59 1.72 1.69 1.66
r(Pi—Np) in A 1.68 1.70 1.59 1.57
r(E-Ny)in A 1.57 1.24 1.55 1.55
O(N-P-N)indeg  114.6 109.4 113.6 114.2
O(P—N—P) in deg 129.8 127.5 128.5 127.8
O(E-N—P) in deg 116.9 105.0 120.4 120.8
O(N-E-N)indeg  129.3 163.7 123.4 122.1
£in deg 0.0 0.0 0.0 0.0

ring molecules: the neutral carbophosphazene rings and all
cationic rings adopt a planar conformation w&h, symmetry.

The two different substituents which are bonded to sulfur in
the thionylphosphazene rings lead to an envelope conformation
of the ring skeleton. The sulfur atom is tilted out of the plane

ring molecules. Selected bond lengths, bond angles, and dihedrayvhich is defined by the three nitrogen atoms (see Figure 2).

angles of the ring molecules are displayed in Tables 1 and 2.
The definition of the plane angleand the labeling of the ring
atoms E, N, P, and N is shown in Figure 2. Further details
on the results of the calculations (complete internal coordinates,
etc.) are available in the Supporting Information.

On the basis of the geometry optimizations which we carried
out, the following conclusions can be reached. The six-

The chlorinated thionylphosphazene ring shows the most
pronounced envelope conformatio§(3a, MP2/6-31G*) =

32.5, &(3b, MP2/6-31G*) = 31.5, £ (3c, MP2/6-31G*) =
27.5). The lower symmetry of the molecular geometry of the
heterophosphazene rings and the corresponding cations can be
seen in alternations of the-fN bond lengths. Cleaving a
substituent leads for each of the four cation rings to a more

membered dichlorophosphazene ring adopts a planar conformaPrenounced PN bond length alternation and a widening of

tion with Dz, symmetry. Introducing a heteroatom into the ring

the N—~E—N (E =P, C, S) angle where the E is the atom where

system or cleaving a substituent reduces the symmetry of theth® cleavage occurs. The most pronounced widening of the
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(12) Ferris, K. F.; Duke, C. BInt. J. Quantum Chem., Quantum Chem.
Symp.1989 23, 397.

(13) Jaeger, R.; Lagowski, J. B.; Manners, |.; Vancso, Glatromolecules
1995 28, 539.

(14) Lagowski, J. B.; Jaeger, R.; Manners, I.; Vancso, G. Mol. Struct.
1995 339, 169.
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(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, Revision D.4; Gaussian, Inc.: Pittsburgh, PA, 1995.

(17) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholtBO,
Version 3.1.

(18) CERIUS Molecular Modeling Software for Materials Research
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N—E—N bond angle is observed for the carbophosphazene ring.
The N—C—N bond angle changes from 133.MP2/6-31G*,
neutral ring2) to 163.7 (MP2/6-31G*, catiorb).

To assess the accuracy of the geometry optimizations, we
compared the calculated geometries of the phosphazene and
thionylphosphazene rings to results of X-ray diffraction
studies.

Structural data on six-membered dichlorophosphazene rings
are compiled in the review paper by Shaw et°\lost of the
diffraction studies found a planar conformation of the six-
membered phosphazene rings with equalNPbond lengths.

An exception is found in the study of Gigli§;?°where a chair
conformation of the ring with alternating-N bond lengths
was observed. Overall, the calculated structures which are
reported in this study agree well with the experimental planar

(19) Shaw, R. A,; Fitzsimmons, B. W.; Smith, B. Chem. Re. 1962 62,
247 and references therein.
(20) Giglio, E.Ricerca Sci196Q 30, 721.
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Table 3. Experimental and ab Initio Structural Data of the Ring cL o 0
Molecules1 and3a " {o
N7 N N*N e
1 | i —— | i +Cl
CI’.—P\‘N/P-_‘CI ci—Ps\P=ci
RHF/6-31G* MP2/6-31G* expt? cr Cl cr Cl
r(P—N)in A 1.58 1.60 1.571.65
O(N—P—N) in deg 116.2 118.7 118121 cl ¢ o
O(P-N-P)indeg ~ 123.7 1213 138120 9@/\ cL 0 0, N=P-N=P-N=50
_S< S Sy ¢ ¢ ¢
3a o S
ci—P< P~ci —Ps P~ ci=Ps\-Fxci
RHF/6-31G*  MP2/6:31G*  exptt o N T CGF Wl or N %
r(Ni—Py) in A 1.59 1.61 1.58 Figure 3. Suggested polymerization mechanism: initiation step
r(Pr—Nz) inA 1.61 1.63 1.60 (heterolytic cleavage of chlorine at sulfur) and propagation (ring
r(S—N)in A 1.57 1.60 1.56 opening) for the chlorinated thionylphosphazene ring.
0(S—N—P) in deg 125.0 120.9 120.1
O(P—N—P)in deg 122.7 122.0 120.4 Modeling an entire chemical reaction in detail (e.g. following
O(N—=P=N) in deg 1154 117.5 116.8 the reaction path, including the effect of solvent molecules, etc.)
&in deg 18.6 32.2 26.2 with molecular orbital calculations would involve many calcula-

tions on large systems, and is therefore in most cases not
structures with equal-PN bond lengths (see Table 3). The RHF feasible. It is, however, possible to elucidate certain aspects of
calculations overestimate the-RI—P bond angle. Including  a chemical reaction. The charge density, electrostatic potential,
electron correlation improves the agreement of the calculatedand HOMO and LUMO of an individual molecule in the gas

value for the P-N—P angle with the crystal structure data. phase will yield information on the reactivity of the molecule
Molecular geometries which were obtained from a X-ray in an actual reaction. Calculated values for energies of model
diffraction study by van de Grampélon the thionylphos- reactions in the gas phase will be different from the energies of

phazene rin@aand selected geometrical parameters which were actual reactions which occur in solution or in the melt.
obtained from our calculations are also shown in Table 3. The Comparing calculated results on a series of reactions of similar
bond lengths are in general underestimated by RHF/6-31G* andmodel systems (e.g. comparing reactions of phosphazene,
MP2/6-31G* calculations. MP2 calculations resttompared carbophosphazene, and thionylphosphazene rings) may show
to RHF calculations-in a better description of conformational  trends in the reactions of these systems and can yield some
features such as bond angles and tilt angles. As a concludinginsight into factors which determine their thermal stability.
remark it should be noted that calculated geometries correspond We want to address two questions related to the suggested
to individual molecules in the gas phase. X-ray data were reaction mechanism depicted in Figure 3. First, we attempt to
obtained from molecules positioned on a crystal lattice. Con- investigate whether or not the two reaction steps are site-specific,
formational changes due to the packing of molecules onto a and subsequently we want want to address the issue of the
crystal lattice are not included in the ab initio calculation we thermal stability of the neutral rings with respect to a heterolytic

carried out. cleavage of a halogen substituent with several model reactions.
Electronic Structure and Thermal Stability of Cyclic Electronic Structure of the Phosphazene and
Phosphazenes and Heterophosphazenes Heterophosphazene Rings and their Cations

A possible path for the polymerization reaction of phos- One result of the molecular orbital calculations is the
phazene and heterophosphazene rings is a cationic chain growmnolecular wave function of the molecules. The wave function
process with an ionization of a P-Cl, aCl, or a S-X (X = can be used to determine the electrostatic potential in the vicinity
F, Cl) bond>® Experimental studies of van de Grampel and of the rings in order to identify sites which will attract cations,
Manners suggest that the ionization for thionylphosphazenesand which will therefore be most likely involved in the reaction.

occurs most likely at the-SX bond®-822We intend to use the The representative plot of the valence electron charge
results of our quantum chemical calculations in order to gain densities of a neutral ring molecule is displayed in Figure 4.
further insight into possible reaction mechanisms. We observe a build-up of charge density on the nitrogen atoms

The chemical reactivity of molecules is affected by several and nodes at the phosphorus and heteroatoms (C and S). This
factors. The rate of reaction can, for example, be acceleratedcharge distribution is in agreement with the island delocalization
by the Coulombic attraction between two reactants. In reactions model of bonding in linear and cyclic phosphazenes elucidated
of a nucleophile with an electrophile, the interaction between by Dewar?* Dewar's model states that a delocalization of
the HOMO (highest occupied molecular orbital) of the nucleo- Vvalence electrons occurs over only three-atorNP-P units.
phile with the LUMO (lowest unoccupied molecular orbital) This leads to an island-like structure of the charge density with
of the electrophile contributes to the attraction between the two hodes on phosphorus and high charge densities on nitrogen. This
reactants. Studying the electrostatic potential in the vicinity of charge distribution results in highly polar ring skeleton. Popula-
the reactants and the spatial distribution of HOMO and LUMO tion analysis schemes like the Natural Population Anatysis

of the reactants is expected to show whether or not the reaction@ssign strong partial charges to the individual atoms of the ring
is site-specificz® molecules (see Table 4). The ligands bonded to the inorganic

ring are all negatively charged and therefore repel each other.

(21) van Bolhuis, F.; van de Grampel, J. &cta Crystallogr.1976 B32
1192. (24) Dewar, M. J. S.; Lucken, E. A. C.; Whitehead, M. A.Chem. Soc.

(22) Edwards, M.; Ni, Y.; Manners, |. Unpublished results. 196Q pp 2423.

(23) Fleming, |.Frontier Orbitals and Organic Chemical Reactigrkhn (25) Reed, A. E.; Weinstock, R. B.; Weinhold, F.Chem. Physl985 82
Wiley & Sons: London, 1976. (2), 735.
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of-plane & bonding system. HOMO-2 to HOMO-4 are
depending on the ringeither an in-planer’ or an out-of-plane
7 orbital.

The two degenerate highest occupied orbitals of the dichlo-
rophosphazene ring and the HOMO of the carbophosphazene-
and the chlorinated thionylphosphazene ring are shown in
Figure 6.

The position of the HOMO of the neutral heterophosphazene
rings can indicate at which site of the ring an electrophile attack
is most likely to occur. If the energy eigenvalues of the HOMO
and the second highest occupied molecular orbital are very close,
the HOMO-1 must also be considered as a possible site of an
electrophile attack.

This is the case for the thionylphosphazene riBgsc. The
energy difference between HOMO and HOMO-1 is small
compared with the energy difference between the HOMO and
LUMO or the HOMO-1 and HOMO-2. Since the HOMO and
HOMO-1 of 3a—c are situated at all nitrogen atoms, one cannot
Figure 4. Valence electron charge densities of the chlorinated conclude that the HOMO/LUMO interaction will favor a specific
thlonylphosp_hazene ringa. The surfaces denote points of constant site of the thionylphosphazene rings.
charge density. . . .

In case of the carbophosphazene ring there is a considerable
Table 4. Partial Charges (in e) Situated on Selected Ring Atoms energy gap (20.24 kcal/mol) between the HOMO which is a

Which Were Determined with the Natural Population Analysis out-of-planesr bonding system centered at the nitrogen atoms

atom 1 2 3a 3p 3c close to the carbon atom, and the HOMO-1, which is situated
at the nitrogen atom opposite to the carbon atom (see Table 5).

R P 06 24 27 27 W herefore identify for the carbophosph ing th
N, 16 11 14 14 14 e can therefore i entlfy or the carbophosphazene ring the
P, 21 20 20 20 28 HOMO as a site which will be most likely involved in a reaction
N -1.6 -16 -1.6 -16 -16 with a electrophile.
é - 0.0 —8-5 —2-8 —2-8 The LUMOs of all cation rings are located at the side of the

- 3 _ _ B ring where the heterolytic cleavage of a substituent occurred
Cl/F 02 02 02 02 0.2 (i.e. at the side of the heteroatom for the heterophosphazene
2 Cl bonded to P fold—3b, and F bonded to P fdc. rings) (see Figure 7). LUMO and LUM®1 of all cation rings

| tential f f the electrostati tential of th are energetically well separated such that the LUMO will be
sopotential surtaces ot he electrostatic potential of the 4441y jnyolved in reactions with a nucleophile.

carbophosphazene and the fluorinated thionylphosphazene rings We can summarize that the analysis of the electrostatic po-

are shown n Elgure 5. The gray sh.aded grids are §urfaces Oftential of the heterophosphazene rings showed that a reaction
zero potential, i.e. they separate regions where positive charge ith a cation will most likely occur close to the heteroatom.
are attracted from regions where positive charges_ are repeIIed.For the carbophosphazene ring the HOMO is located close to
in the space above these surfacEm(> Jon (he side of Ihe_ihe heteroatom. The HOMO/LUMO interaction willin this case
rltr;g V\t/ 3.“.9 tthe eteroztolm fhsr[uate f)’ posmge c qrtges ar€also favor a reaction close to the carbon atom. For the cation
attracted; in the space below these surfaégg € 0), positive rings the LUMOs are located at the site where the cleavage of

fchargeg,t_are Lepellzd_. Therle rerpaltrr]]s a_tsmall atttractlve reg_ltonthe substituent occurred. These sites will therefore most likely
or positive charged 1ons close fo the nitrogen atom opposite participate in a reaction as electrophilic moieties.

from the heteroatom (i.e. in the “repulsive” area). The black
surfaces include areas with an electrostatic potential higher thanThermal Stability of the Cyclic Phosphazenes and

0.039 hartree/e. These maxima of_the potential are for the_ carbo-Heterophosphazenes with Respect to Heterolytic Cleavage
and thionylphosphazene rings situated closg to the nitrogengf a Substituent

atoms bonded to the heteroatom. For the thionylphosphazene ) ) )

ring we find an additional area of high electrostatic potential '€ results on the electronic structure of the rings which we
close to the oxygen atom. Cations will be electrostatically presented in the previous section sgzrjportthg e>.<per|mental results
attracted to the side of the ring where the heteroatom is situated.Of Van de Grampel and Mannéré:22 which indicate that the
The sites close to the heteroatoms are therefore favored forneterolytic cleavage of a substituent of the heterophosphazene

reactions of heterophosphazenes with cations. rings will most likely occur at the heteroatom. In this section
Both steps of the suggested polymerization mechanism in- W& want to study the energy gains and losses of reactions
volve the reaction of an electrophile (the cation) with a nucleo- iNvolving the heterolytic cleavage of the halogen ligand bonded
phile (the ring molecule). The interaction of the LUMO of the 0 the heteroatom of ring& and 3a—c. These reactions are
cation with the HOMO of the ring plays therefore an important compared to the cleavage of a chlorine atom from the phos-

role in the reaction. phazene ringdl. _ _ .
The electronic structure of linear and cyclic phosphazenes W€ gsed the following type of reactions for our ab initio
was previously investigated by Ferris and co-worké&They studies:

reported that the phosphonitrilic molecules contain bdttin-

plane) andr (out-of-plane) bonding systems. We find similar ~ ring + counter-reactant=ring" + counter-reactant (1)
results for the heterophosphazene rings. The highest occupied

molecular orbital (HOMO) and the second highest occupied Energy gains or losses are evaluated by subtracting energies of
molecular orbital (HOMO-1) are, for all neutral rings, an out- the products from energies of the reactants. We included the
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Epot > 0.039 hartree/e

Figure 5. Isosurfaces of the electrostatic potential in the vicinity of the carbophosphazeramfluorinated thionylphosphazene ri8. The

ring skeletons are situated in the plane of the drawing. The gray-shaded grids are surfaces of zero potential. The black grids show the regions of
the highest electrostatic potential.

(1), HOMO

(1), HOMO-1

(2, Ho Figure 7. LUMO of the phosphazene catid@nthe carbophosphazene
2), HOMO

(3) a, HOMO cation5, and the thionylphosphazene catiéa
CL__S,/O E ®
Figure 6. HOMOs (degenerate) of the phosphazene tirgnd HOMO N (so,Ch* N \.’1\‘ +(S0,Cl,)
of the carbophosphazene rifigand the thionylphosphazene risg. CIC’F.-P\‘N/P-_&Cl Clcfr.-”\‘N/R.(‘:lCI

Table 5. Energy Differences (in kcal/mol) between HOMO-2,

Figure 8. Isodesmic reaction of the chlorinated thionylphosphazene
HOMO-1, HOMO, and LUMO

ring with the sulphonylchloride cation.

AE 1 2 3a 3b 3c
Eromo-1 — Evomo—2 ~ 13.08 4.24 048 16.44 g45  energy of products and reactants is determifede studied
Exomo — Exomo-1 0. 20.24 1.93 0.16 2.51 reaction with SQCl,, POCk, CCl;, and COC} as counter-
ELumo — Enomo 320.63 310.47 312.67 330.29 399.3 reactants for the heterolytic cleavage of a chlorine ligand, and

reactions with S@F,, CF;, and COFE as counter-reactants for
the heterolytic cleavage of a fluorine ligand. The results for
AE?% are shown in Tables 6 and 7. The results for isodesmic
reactions are printed in bold face.
208 0 29 208 208 The RHF and MP2 calculations yield similar values Ad#2%8
AE™"= ARy + AR, + A(AE, 8) TAETHART (2) for the isodesmic reactions for dichlorophosphazene- and
If a suitable counter-reactant is chosen, the number of formal Earbophog%hazgr;egrang%li”lg(l\/II:PZ) N _AE2d98(R|—!F) ranges h
bonds are conserved during the reaction. This type of reaction di?ftgiir(]:es. bi?weén ,\/?Szrgcr)]é' R&rpn?ensﬁ?s ;ig;;gg'?:u €
is called an "isodesmic reaction”. An example of an isodesmic 11.5 kcal/mol. This is in contrast to the results for the reactions
reaction of the chlorinated thionylphosphazene ring and sulfonyl of thionviphosphazene rin AE2(MP2) — AEPHRHF) lies
dichloride SQCI; is shown in Figure 8. Since the number and f I tr)('p | ?1 h g8 th bet 6.5 and 7.8
type of bonds is the same on the reactant and product side of of &ll thionylphosphazenes in the range between .o and /.
the rgaction, systematic errors in the calculations of gnergies(ze) Hehre, W. J.: Radom, L: v. R. Schleyer, P.: Pople, JAB.Initio
(e.g. incomplete treatment of electron correlation) are likely to Molecular Orbital Theory John Wiley & Sons: New York, 1986: p
cancel to a certain degree when the difference between the  29s.

zero-point vibrational energy and thermal energy terms (the latter
in order to obtain energy values for 298 K) into the calculation
of the energy gains and losses:
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Table 6. Energy Gains (in kcal/mol) for Reactions of Chlorinated
(Hetero)phosphazene Rings and Suitable Counter-Reactants

Jaeger et al.

phosphorus atoms. If one ligand is removed, the electrostatic
repulsion between the ligands will make a contribution to the

AE2%for 1 AE2%for 2 AE2%8for 3a energy which is gained during the ionization step. Secondly,

MP2/ RHF/ MP2/ RFH/ MP2/ RHF/ the remaining substituent which is bonded to the ring atom

6-31G* 6-31G* 6-31G* 6-31G* 6-31G* 6-31G* where the cleavage occurred is moved away from the other

SOCl, —190.75 —26.80 —28.86 —4040 —41.08 —48.44 chlqrine atoms bonded to phosphorus. As a result, the electro-
POCL -3057 —33.48 —39.68 —47.08 —52.80 —55.12 static energy of the cation rings decreases further. These two
ccCl, 2.92 6.77 —6.187 —6.83 —19.30 —14.87 effects are most pronounced for the thionylphosphazene rings.
COChL —9.40 -5.88 —-1851 —19.48 —31.63 —27.52 Due to the envelope conformation, the halogen atom bonded

Table 7. Energy Gains (in kcal/mol) for Reactions of Fluorinated
(Hetero)phosphazene Rings and Suitable Counter-Reactants

to sulfur is—compared with the phosphazene rifdoser to the
other chlorine ligands. In addition, the oxygen atom bonded to
sulfur is strongly negatively charged. The change from an

AE*%for 3b AE*%for 3¢ envelope to a planar conformation and the motion of the oxygen
MP2/6-31G* RHF/6-31G* MP2/6-31G* RHF/6-31G* into the ring plane will therefore lead to a significant decrease
SOF, —63.32 —7031 —50.89 5867 of the electrostatic repulsion between the ligands.
CFs —60.96 —52.46 —48.52 —40.81 The result that conformational changes correlate well with
COR, —55.37 —52.63 —42.94 —40.99 energy differences in isodesmic reactions is not surprising: since

kcal/mol; the differences for non-isodesmic reaction lie between
—8.4 and 2.3 kcal/mol.

The results of the calculations show that the reactions are in
general exothermic (with the exception of the reactiofh with
CCls%). Most of the cation rings will therefore form readily.

The energy gains depend on the choice of the counter-reactants
Superimposed on the data is the propensity of the counter-

reactants to form a neutral molecule by forming a bond with a
halogen ion. In addition, we can state that the activation
temperatures which are observed for the thermal ring opening

polymerization cannot be explained by the suggested first step

of the reaction, the heterolytic cleavage of a substituent on the
heteroatom: since the ionization step is exothermic, no activa-

tion energy is needed. Furthermore, the order of temperatures

Trop Where the thermal ring opening polymerization sets in,
does not correlate with the order of the energy gaing{1)
= 250°C, Tror2) = 120°C, TrorA3a) = 165 °C, andTrop
(3b) = 180 °C).245 The experimentally observed activation

the number of formal bonds is retained, essentially only change
position of individual atoms with respect to each other is
changed. Changes in the electrostatic energy will therefore give
an essential contribution to the energy gain in these reactions.
If we do not restrict our analysis to isodesmic reactions, the
nergy gains or losses also include the formation and cleavage
of different types of bonds (e.g. in the reactionlofith CCls™
a Cl-P bond is cleaved and a-€C bond is formed). Reactions
involving CCk* or COCI" as counter ion in general result in
lower energy gains than reactions involving PQ@t SOCI*
as a counter ion. As a result, the order of the thermal stability
for 1 and?2 is reversed if energy gains for one type of counter-
reactant are compared: in contrast to the isodesmic reactions,
1is the thermally most stable ring. The thionylphosphazene rings

e

3 remain the least thermally stable rings.

The link between energy gains of isodesmic ionization
reactions and the conformational changes which occur during
the reaction can be used in order to obtain a rough estimate of

barriers suggest that the ring opening reaction has to pass€nergy gains or losses of other isodesmic reactions in_volving
through some transition states (e.g. during the ring-opening of the inorganic ringd—3a—c. For example, we can try to estimate

the cationic rings), whose “heights” then could explain the Whether or not an isodesmic reaction involving a cleavage qf
polymerization temperatures. Transition states which have to chlorine from a phosphorus atom instead of the heteroatom will
be overcome by an activation energy were not considered in esultin a higher energy gain. For the thionylphosphazene rings,

our calculations since we considered only reactants and productdVe would expect a lower energy gain if a-@ instead of a
of the first step of the ring opening polymerization in our Cl—S bond s cleaved. The latter will decrease the electrostatic

calculations. repulsion of the ligands to a larger extent. If chlorine is cleaved

If one compares the energy gains of the phosphazene androm sulfur, the remaining substitueqts bonded to the ring V\_/iII
heterophosphazene rings for the isodesmic reactions, theb€ moved further apart, since the ring skeleton of the cation
molecules can be organized in three groups: the highest energyVill adopt a planar.conformat!on. In adqmon, the highly negative
gain is observed for the thionylphosphazene rings, followed by charged oxygen is moved into the ring plane. If chlorine is
the phosphazene ring, followed by the carbophosphazene ringcleaved from phosphorus, th_e envelope conformanon is retained,
which showed the lowest energy gain. The energy gains and the oxygen atom remains closer to the other ligands.
correlate well with the conformational changes which occur ~ For the carbophosphazene ring, we expect the opposite
during the heterolytic cleavage of the substituent: the carbo- result: when a chlorine atom is cleaved from phosphorus, the
phosphazen ring shows the smallest change in the geometry ofémaining chlorine will move into the plane of the ring skeleton,
the skeleton (essentially only the chlorine atom is removed). and will therefore reduce the electrostatic repulsion with the
For the phosphazene ring, the remaining chlorine atom at thechlorine atoms bonded to the other phosphorus atoms. We

site of the cleavage moves into the plane of theNFbackbone

expect therefore a higher energy gain for the cleavage of chlorine

of the ring. For the thionylphosphazene rings, the conformation from phosphorus than the cleavage of chlorine from carbon.

of the S-N—P backbone of the ring changes from an envelope
conformation to a planar conformation, and the oxygen atom
bonded to sulfur moves into the plane of the ring skeleton.
The heterolytic cleavage of chlorine forinand chlorine or
fluorine from 3a—c differs in two aspects from the heterolytic
cleavage of chlorine fron2. For 1 and 3a—c, the negatively

Energy gains calculated on the RHF/3-31G* level of theory
confirm this analysis: for the heterolytic cleavage of chlorine

from phosphorus fron3a with POCbL™ as counter-reactant we

obtain an energy gain 6f23.0 kcal/mol (in contrast te-55.1
kcal/mol for the cleavage of Cl from S with the same counter-
reactant). For the cleavage of chlorine from phosphorus £om

charged chlorine or fluorine ligand is positioned relatively close with POCL™ as counter-reactant we obtain an energy gain of

to the negatively charged chlorine atoms bonded to the

—27.8 kcal/mol (compared te-6.8 kcal/mol for the isodesmic
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reaction with CG*, and —19.5 kcal/mol for the isodesmic  the HOMO-1 is large compared to the energy difference between
reaction with COCY). For a reaction o with POC}, the the HOMO and HOMO-1 of the other rings. A electrophilic
cleavage of chlorine from carbon remains the most exothermic attack on2 will therefore occur most likely close to the carbon
reaction, since the energy gains resulting from the conforma- atom due to favorable HOMO/LUMO interactions. The LUMOs
tional changes due to the cleavage of Cl from P are outweighedof all cation rings are situated close to the heteroatom, or (for
by the energy gains of the cleavage of a—Cl and the 4) the phosphorus atom where the cleavage of the chlorine atom
subsequent formation of a €P bond. occurred.

Based on the investigation of the electrostatic potential around
the heterophosphazene rings (and the position of the HOMO
The molecular geometry of the phosphazene- and hetero-for 2), our calculations support the experimental results of
phosphazene ringé—3a—c and their cationsd—6a,b were Manners and van de Grampel that a heterolytic cleavage of a
determined with ab initio molecular orbital calculations at the ligand of a heterophosphazene ring and the ring opening reaction

MP2/6-31G* level of theory. The phosphazene and carbophos-will most likely occur close to the heteroatom.

phazene ring and all cation rings adopt a planar conformation.  The thermal stability of the rings with respect to the het-
The thionylphosphazene rings adopt an envelope conformation.ermytic cleavage of a chlorine atom frofrand of the halogen
The sulfur atom is tilted out of the plane which is defined by |igand bonded to the heteroatom fran-3a—c were studied

tE_e th:eﬁ nitrrc:gen atoms ogthe rir;]g skeleton. The ch(ljorinated with different model reactions. All reactions which were studied
thionylphosphazene ringa adopts the most pronounced enve- o exothermic, apart from the reactionlovith CCl. Thus,

lope conformation. the cation rings should generally form readily. If we compare

e e e o iy T CTEGY QAN ofsdesmic reactons, e fd ht e -
9 nylphosphazene3a—c are the least thermally stable rings with

developed to describe bonding in phosphazenes. We observe 3 spect to ionization. and the carbobhosphazene Zitsmthe
build-up of charge density on the nitrogen atoms, and nodes at P T . phosphaze %

the phosphorus and the heteroatoms. The ring skeleton istSt thermally stable ring with respect to ionization. The energy
therefore highly polar. An analysis of the electrostatic potential g?gjsr gg:irsle?ﬁev;/:{!c}[’iv(')t:stﬁi:ﬁ;iﬂ;atéznﬂosgiﬂge;eWar]['iszl
in the vicinity of the neutral carbo- and thionylphosphazene rings 9 ) 9 9 y

showed that positively charged ions will be attracted to the side charged ligands bonded to the ring skeleton further apart, ‘f.md
of the ring where the heteroatom is situated. decrease therefore the electrostatic energy of the cation ring.

In accordance with the studies of Ferris and co-workers, all ;I’hhe TOhSt e>|;ten5|ve _confofrrlr:atlor(;allj c?ﬁngis oc;}cur for _the
rings show in-plane and out-of-plamebonding. It is not pos- _”'lony P IIOSp az&fane rngs, Iohowe y edp osp ha;eng fng.
sible to identify a preferred side of the ring for an electrophilic | "€ Smallest conformational changes occur during the lonization

attack from the spatial distribution of the HOMO of the ©Of the carbophosphazene ring.
phosphazene rind and the thionylphosphazene ringa—c.
The HOMOs ofl are situated at all three nitrogen atoms. For
3a—c, the energy difference between HOMO and HOMO-1 is
small, and HOMO and HOMO-1 are also situated at all three
nitrogen atoms. The HOMO of the carbophosphazeneZiisg
situated close to the carbon atom, and the energy difference tolC980877N

Summary

Acknowledgment. The financial support of the Nuffic
exchange program (M.D.) and the University of Twente is
gratefully acknowledged. It is a pleasure to thank Ms. Anne
Klemperer for the help with the preparation of this paper.



