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Highlights
 Interaction between [PCl6]- anion and reactive cations in the polymerization of

polyphosphazene has been simulated by quantum mechanical computation
 Calculated standard-state free energy of the polymerization in different solvents is in accord

with corresponding dielectric properties.
 Using m-xylene as a solvent can better restrain the oligomerization and facilitate further

improvements on polymerization of polyphosphazene.
1. Introduction

Polyphosphazenes are inorganic polymers based on the repeating unit [N=PR2]n, where R can be substituted
by organic groups from [N=PCl2]n，with uses as high performance elastomers, polymeric electrolytes and
biomedical materials. Recently, a living cationic polymerization to synthesis [N=PCl2]n directly from PCl3
using a one-pot route at ambient temperature in solvent presents great potential for large-scale and industrial
polyphosphazene preparations.[1] Nevertheless, previous study shows that the [PCl6]- anion has hitherto been
assumed to initiate oligomerization which leads to broad molecular weight distributions. In addition,

different solvents can significantly alter the rates of the living
cationic polymerization and quantum mechanical computation can
be used to describe the solvation effect.

In our study, the interaction between [PCl6]- anion and reactive
cations in different solvents has been simulated by Gaussian09.
Furthermore, selected solvents have been verified by experiments
and the structures of products are investigated.

2. Methods

Computational methods. The electronic energy and the standard-state free energy of the polymerization in
different solvents (dioxane, toluene, m-xylene and acetonitrile) have been computed with Gaussian 09 using
the B3LYP/6-311G(d) functional. The structures of [PCl6]- anion and different polymerization degree
reactive cations(n=1-3) were optimized using the same functional. The solvent properties required in the
model were computed by PCM model. The ability of the conjunction between anions and cations was
computed using transition-state theory, according to the following equation:

where Eel is the gas phase electronic energy, ΔGo,solv is the standard-
state free energy of solvation and Δ‡ indicates that an activation energy
barrier is being calculated.

Experimental methods. LiN(SiMe3)2 (1.73g,10.3mmol) was dissolved in 40 mL of dioxane (toluene, m-
xylene and acetonitrile, respectively), and the solution was cooled to 0°C. PCl3(0.9mL,10.3mmol) was then
added dropwise over 10 min. The resulting mixture was stirred for 30min at the same temperature followed
by stirring at room temperature for 1h, giving a white suspension. SO2Cl2(0.85mL,10.5mmol) was then
added dropwise over 10min to this suspension at 0°C. The reaction was allowed to proceed at 0°C for 1 h.
PCl5(106mg, 0.51mmol) was then added, and the resultant mixture was stirred overnight at room temperature.
[N=PCl2]n was observed from 31P-NMR (toluene/CDCl3).

3. Results and discussion



Figure.1 shows optimized ionic structures computed by Gaussian09 and the calculated average bond length
of P-N and P-Cl of B1-B3 are fitted well with literature data(0.20nm and 1.65nm, respectively). This result
means that the B3LYP/6-311G(d) functional can be used to calculate the electronic energy and the
standard-state free energy of the polymerization in different solvents.

Figure 1. Optmized structures of A([PCl6]-) anion and B1-B3(reactive cations polymerization degree n=1-3, respectively)

According to Figure.2(a), the electronic energy and the standard-state free energy increase with increasing
dielectric constant of solvents and it is estimated that the interaction between anions and cations decreases
with the increasing value of dielectric constant. In addition, Figure.2(b) shows that the standard-state free
energy increase with the increase of polymerization degree. This coincides with the assumption that
oligomerization happens in the early stages of the polymerization due to the appearance of [PCl6]- anion. [2]

Figure 2. (a)Calculated electronic energy, standard-state free energy and dielectric constant in different solvents, (b)Relation between
polymerization degree and standard-state free energy

[N=PCl2]n prepared in different solvents have been observed with different response values from 31P-NMR (-
17.6 ppm), which fit well with the standard-state free energy in different solvents except
acetonitrile(Figure.3). The experimental results show that m-xylene has better effect on polymerization of
polyphosphazene, which means quantum mechanical computation can be used to guide solvent selection.

Figure 3. 31P-NMR results in different solvents(a) Dioxane,(b)Toluene(c) M-xylene (d) Acetonitrile (e) Standard-state free energy
and response value in different solvents

4. Conclusions

Solvation effect has great influence on the interaction between [PCl6]- anion and reactive cations, which has
been simulated by Gaussian09 and supported by experiments. Besides, m-xylene shows better effect on
restraining oligomerization in the process. Our work facilitates further improvements on polymerization of
polyphosphazene and can guide solvent selections of other living cationic polymerization system.
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