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Abstract: 
Polyphosphazenes was synthesized and their self assembly behavior was observed as reported in our previous work [1–5]. A number of experiments 
were carried out to study the polymerization behavior at various conditions of the polymerization time and temperature. The experimental data were 
analyzed by graphical and statistical methods and it was found that the polymerization phenomena was controlled by the synthesis time, i.e. 
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1.0. Introduction 
Polyphosphazenes have gained lots of attention in biological applications due to their unique properties [1–7]. The backbone of this polymer contains 
alternating Nitrogen and Phosphorous atoms which have two pendant groups on each phosphorous atom. The selection of side groups is very important 
to tailor the polymer for desirable properties. The presence of hydrophilic side groups like chlorine, amino, amino acid ester, glycolate derivatives etc. 
make the polymer chain susceptible to hydrolysis [8–11] and useful for biomedical applications such as tissue engineering, drug delivery, short term 
implants etc. [1–3]. The degradation mechanism of polyphosphazene has not been fully understood but the current scheme is result of various 
experimental studies [4,5]. During the hydrolysis, water molecules attack on side groups replacing it with the hydroxyl group. Hydroxyl group poses 
electron withdrawing effect on the chain and resultantly chain tautomerizes facilitating the degradation finally splitting into the end products such as 
ammonia, phosphate, phosphoric acid and conjugate acid of side group [1–5].  

Mathematical models can be useful tool for interpretation of hydrolytic degradation of polymers. Traditional experimental methods may not be good 
source of knowledge of the reaction thermodynamics which is provided by these mathematical models [12]. Density functional theory (DFT) [13]  method 
and classical molecular dynamics (MD) [14] has been useful tool for investigation of molecular geometries, electronic structure and transition state 
geometries for substitutions of polyphosphazenes. Adam A. Skelton et al studied the hydrolysis mechanism of dichlorophosphazene trimer by density 
functional theory (DFT) method [15], atom centered density matrix propagation (ADMP) and Ab initio molecular dynamics (AIMD) [16,17] calculations 
[18–20].  

Many researchers synthesized polymeric materials and they used for applications for mathematical modeling [21-30].  

In this study, we have investigated mathematical modeling for the synthesis using AlCl3 as catalyst, reaction rate, molecular weight, polydispersity index 
(PDI) of polyphosphazene. For this study, we have used exponential method for mathematical modeling.   

2.0. Results and Discussion 
Synthesis of PDCP from HCCP in the presence of catalyst is shown in (Fig. 1): 
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Figure 1: Synthesis of PDCP from HCCP [1-5] 

2.1. Synthesis behavior of the polymer 

2.1.1. Effect of synthesis time on molecular weight 
To determine the time sensitivity for the synthesis behavior of the polymer, the values of the molecular weight (Mw), were analyzed by graphical and 
statistical methods. The effect of synthesis time on the polymer weight indicates that the weight of the polymer increases up to a certain time and then it 
falls down as shown in Fig. 2. The results show that from 3 to 4 hrs, the increase in the molecular weight of the polymer is not significant, therefore it has 
been omitted from the graphical and statistical analysis. Experimental results indicate that the synthesis process of the polymer is a function of the 
reaction time (from 4 to 10 hrs), following the semi empirical model: 
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Where, M w  is molecular weight of the polymer at synthesis time ts for known amount of the catalyst at 250 oC, )24.203(
0
=M  is pre-exponential factor in 

the model and 
)0686.1(=sk

is synthesis rate constant for the polymer. For ascending order, putting the values in eq. (3) we have following eq. 4: 
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The value of coefficient of determination (0.9571) indicates that the applicability of the suggested model is good [18] and a thermally cross-linked ternary 
co-polymer synthesized for targeted drug delivery applications and the analysis of swelling data indicated the exponential relation with pH of the swelling 
media. 

For decreasing order, the synthesis behavior of the polymer was also analyzed by graphical and statistical methods. However, the value of coefficient of 
determination (0.7898) indicates that the exponential relation is not good. For increasing order, the suggested model may be used to extend the study at a 
pilot scale work to synthesize the polymer at certain parametric conditions. The design parameters may need some further studies at an industrial scale, 
however, the suggested semi empirical models may be of value to the researches confronted with the need to synthesize such typical drug delivery 
polymers. 
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Table 1: Synthesis Conditions of PDCP from HCCP  
 

Samples 
Wt. of HCCP AlCl3 Catalyst Reaction time Mw a PDI Phase of PDCP 

g mmol g mmol % wt hrs    
1 2.00 5.75 0.100 0.75 5 3 1.83 x104 1.4 Viscous liquid(non-crosslinked) 
2 1.66 4.77 0.083 0.62 5 4 1.72 x104 1.1 Viscous liquid(non-crosslinked) 
3 3.30 9.48 0.165 1.24 5 5 2.89 x104 1.9 Viscous liquid(non-crosslinked) 
4 2.40 6.90 0.12 0.90 5 6 1.63 x105 1.6 Viscous liquid(non-crosslinked) 
5 1.90 5.46 0.096 0.72 5 7 3.41 x105 1.2 Viscous liquid(non-crosslinked) 
6 3.51 10.10 0.176 1.32 5 8 2.74 x104 2.2 Viscous liquid(non-crosslinked) 
7 2.38 6.84 0.12 0.899 5 9 1.56 x104 1.5 Viscous liquid(non-crosslinked) 
8 1.50 4.31 0.075 0.56 5 10 1.26 x104 1.4 Viscous liquid(non-crosslinked) 
9 0.94 2.70 0.047 0.35 5 13 4.04 x105 1.3 Viscous liquid(non-crosslinked) 

10 1.10 3.16 ----- ----- 0 5 ----- ----- solid phase (crosslinked) 
11 1.22 3.51 0.012 0.09 1 5 ----- ----- solid phase (crosslinked) 
12 0.71 2.04 0.0142 0.106 2 5 ----- ----- solid phase (crosslinked) 
13 1.05 3.02 0.032 0.24 3 5 3.66 x105 1.5 Viscous liquid(non-crosslinked) 
14 1.69 4.86 0.07 0.524 4 5 1.96 x104 1.6 Viscous liquid(non-crosslinked) 
15 0.89 2.56 0.045 0.34 5 5 1.94 x104 1.7 Viscous liquid(non-crosslinked) 
16 0.86 2.47 0.0516 0.39 6 5 1.81 x104 1.5 Viscous liquid(non-crosslinked) 
17 1.96 6.63 0.1372 1.028 7 5 1.99 x104 1.5 Viscous liquid(non-crosslinked) 
18 1.00 2.88 0.08 0.599 8 5 1.57 x104 1.8 Viscous liquid(non-crosslinked) 
19 1.00 2.88 0.09 0.67 9 5 1.72 x104 1.7 Viscous liquid(non-crosslinked) 
20 3.51 10.1 0.35 2.62 10 5 5.74 x103 1.2 Viscous liquid(non-crosslinked) 

Note: Reaction temperature :250oC, a DMF with 0.3% NaNO3 was used as eluent at 30℃. Mw and Mn was determined by GPC.[5] 
 
2.1.2. Effect of time on PDI 
PDI (Mw/Mn) is the ratio of molecular weight of the polymer to the number of monomer units with variation in reaction time for the known amount of 
catalyst used at 250 oC. The effect of reaction time on the PDI indicates the rise and fall corresponding to the molecular weight as shown in (Fig. 3). It 
shows that the minimum value of PDI is at 4 hrs of the synthesis time, corresponding to the minimum weight of the polymer at the same time. However, 
the Fig. 3 indicates that the maximum value of PDI lies with the range of the synthesis time of the polymer from 5 to 8 hrs, attributing to the fact that the 
value of PDI parameter corresponds to the molecular weight of the synthesized polymer. 
 
2.1.3. Effect of catalyst amount on molecular weight 
It is has been observed that at constant synthesis time the variation in catalyst amount does not show any corresponding behavior to the molecular 
weight of the polymer at constant synthesis time as shown in Fig. 4. It has been observed that the maximum weight of the polymer is at 3% catalyst. After 
3% catalyst, the weight of the polymer falls down as the catalyst amount is further increased, a situation which may be attributed to fact that in the 
reaction AlCl3 acts as initiator for thermal ring opening polymerization, but the excess amount of catalyst may stop the reaction due to the formation of 
stable acid base adduct with HCCP. 
 
2.1.4. Effect of catalyst amount on PDI 
The effect of the catalyst amount indicates that the PDI increases as the catalyst amount increases from 3% to 8% for 5 hrs of the synthesis time at 250 oC 
as shown in Fig. 5. It is interesting to note that the behavior of PDI is almost same with the variation in the synthesis time as well as with the variation in 
the amount of the catalyst used for the synthesis of the polymer. 

 
Figure 2: Effect of synthesis time on molecular weight using known amount of catalyst at 250 oC. 
 
Mw = 7559.1 e 0.1138 t 
R2 = 0.9662 
Mw = 45172 e-0.1523 t 
R2 = 0.9516 
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Figure 3: Effect of synthesis time on PDI using known amount of catalyst at 250 oC. 
 
PD = 1.3062 e 0.0179 t 
R2 = 0.9509 
PD = 1.935 e-0.0391 t 
R2 = 0.9583 

 
Figure 4: Effect of catalyst amount on molecular weight for known period of synthesis time at 250 oC 
 
Mw = 10624 e 0.0345 ct 

R2 = 0.9328 
Mw = 44746 e-0.1652 ct 
R2 = 0.9609 
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Figure 5: Effect of catalyst amount on PDI for known period of synthesis at 250 oC. 
 
PD = 1.2463 e 0.0328 ct 

R2 = 0.9484 
PD = 2.3397 e-0.0599 ct 

R2 = 0.9635 
 
3.0. Conclusion 
Analysis of the synthesis data indicates that the synthesis process of the polymer follows the exponential relation. The semi empirical model for the 
synthesis of the polymer can estimate the polymer weight at any time for the known amount of the catalyst used at 250 oC. The value of coefficient of 
determination shows that the applicability of the models is promising. 
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