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SYNOPSIS 

A new inherently cross-linked polymer, polydigolphosphate, has been synthesized. The 
polymer has high affinity for moisture and a tendency to retain sodium chloride, which is 
produced as a coproduct in the synthesis of the polymer. The purity and, hence, the structural 
identity of the polymer have been established by combined DTA-TG analyses in an inert 
atmosphere. Thermal degradation of the polymer has been quantitatively correlated on 
the basis of a proposed mechanism. The mechanism may serve as a representative one for 
the degradation of similar polyphosphates of poly(ethy1ene glycol). 0 1993 John Wiley & 
Sons, Inc. 

INTRODUCTION 

In an earlier communication, we reported thermal 
characterization of trimethylol phenol. It was shown 
therein that thermally induced chemical events of 
curing and degradation of phenol formaldehyde resin 
could be established almost quantitatively with the 
help of combined DTA-TG analyses alone. It was 
further demonstrated that the occurrence and rel- 
ative reactivities of various substeps in a particular 
gross chemical event can also be identified and 
quantified to ascertain the mechanism of the deg- 
radation process. In an extension of this application 
of the thermal analysis technique, we report here 
the thermal analytical behavior of another polymer: 
the condensate of phosphorous oxychloride and di- 
ethylene glycol. 

The polymer under consideration is itself a new 
one and has some features that makes it amenable 
to characterization by thermal analysis only. The 
polymer is inherently cross-linked and absorbs a 
considerable amount of moisture at ambient tem- 
perature. Further, it retains a substantial amount 
of sodium chloride that is produced as a coproduct 
in its synthesis. The retained sodium chloride could 
be removed only by extraction by hot water repeated 
for quite a number of times. The individual unspec- 
ified amounts of moisture and sodium chloride de- 
pend exclusively on the extent of dehydration (by 
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evacuation ) , the relative humidity in the ambient 
atmosphere, and the efficiency of hot water extrac- 
tion of sodium chloride retained in the polymer. 
These together offered irreproducible data on ele- 
mental analyses, and no definite structure could be 
assigned to the synthesized polymer. In this partic- 
ular case, combined differential thermal analysis and 
thermogravimetry is the only available conventional 
means to establish the structural identity of the 
polymer. It is further emphasized that the degra- 
dation mechanism reported in this article may be 
extended to other phosphate-ester polymers in gen- 
eral. 

EXPERIMENTAL 

Materials 

POC13 (Johnson Chemicals), diethylene glycol (S.D. 
Fine Chemicals), tetrahydrofuran (BDH), sodium 
hydride (E. Merck) , and benzene (E. Merck) , all 
of synthesis grade, were used after purification and 
drying by standard procedures. 

Polymer Synthesis 
The polymer was synthesized according to the fol- 
lowing reaction scheme: 

6n NaH + 3n HOCH&Hz - 0 - CHzCHz - OH + 

2n Pock 
3n NaO * CHZCHZ - 0 * CHzCHzONa + 3n HP- 

0 
It 

[ P f OCH2CH20CH2CH20j + 6n NaCl 

1303 
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Eighteen grams of 80% NaH (0.6 mol) washed thor- 
oughly with superdry benzene were reacted with 28.5 
mL (0.3 mol) of digol in 50 mL of dry tetrahydro- 
furan under a blanket of dry nitrogen and with con- 
stant stirring until the evolution of hydrogen ceased. 
The reaction mixture was further stirred under re- 
flux conditions for 1 h to complete the reaction. To 
this mixture was added 18.5 mL of POC13 (0.2 mol) 
over a period of 30 min under constant stirring. After 
completion of the reaction, which took about 3 h, 
the reaction mass was poured into water. The poly- 
mer was filtered and purified by repeated washing 
with hot water, followed by drying under vacuum 
at  100°C. The polymer obtained was a white solid 
yield 90%. 

Polymer Characterization 

The IR spectrum of the polymer was recorded on a 
Perkin-Elmer Model 883 spectrophotometer, and 
DTA and TG analyses were carried out on a Shi- 
madzu DT-40 thermal analyzer unit in argon me- 
dium at  a heating rate of 15°C min-'. Phosphorus 
content of the polymer was determined by a Schoni- 
ger microcombustion apparatus ( Heraues, Germany ) 
following the recommended procedure.' 

RESULTS AND DISCUSSION 

Structural Identity of the Polymer 

On the basis of the reaction scheme and molar ratios 
of the component monomers used in its synthesis, 
the product polymer may be assigned the following 
structure: 

with calculated elemental analysis of C, 35.47%; H, 
5.91%; and P, 15.27%. The experimental values, 
however, varied erratically from sample to sample. 

Because of varying amounts of moisture absorbed 
by the polymer, the phosphorus content of the poly- 
mer would provide only an idea about the actual 
polymer content. The sample of the polymer that 
had been subjected to characterization by thermal 
analysis in the present investigation has a phos- 
phorus content of 14.2%, indicating a possibility of 
a substantial amount of moisture and/or NaCl re- 
tained by it. 

Qualitative information on the structural identity 
of the polymer was provided by the infrared absorp- 
tion data. In Table I are presented the observed ab- 
sorptions and their  assignment^.^-^ The data clearly 
conform to the assigned structure. 

Thermal Analytical Characterization 

As discussed earlier, a clear understanding of the 
structural identity of the polymer is likely to be ob- 
tained from the thermal analytical data of the poly- 
mer. A mechanism of thermal degradation of the 
polymer is also likely to be provided by the ther- 
mograms. 

Figure 1 presents the combined DT/TG traces 
of the polymer in the temperature range 25-820°C 
in an inert atmosphere of argon at a heating rate of 
15OC min-'. 

Differential Thermal Analysis 

The DTA trace of the polymer shows a clear en- 
dothermic event starting at a temperature of about 
40°C with a trough at 54°C. The event is identifiable 
as a physical step involving elimination of absorbed 
water. Followed by this is a set of multistep exo- 
thermic events that starts a t  around 170°C and is 
complete at 315°C. This set of multistep events 

Table I IR Absorptions of Polydigolphosphate and Their Assignments 

Reported 
Absorption Values 

(cm-') (cm-') Assignments Remarks 

2964 2960 C-H (aliphatic) stretch3 
1460 1485-1445 P = 0 stretch6 
1155 1165-1155 P-0-C (aliphatic)6 Distinguishing band for ethoxy ester of 

1070 1150-1060 C-0-C stretch3 (asyrn) Symmetric stretching reportedly too weak to 

990 1050-970 P-0-C (aliphatic)6 Asymmetric stretching 

phosphoric acid 

be observed 
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Figure 1 DT-TG thermograms of polydigolphosphate in the temperature range 25-820°C; 
argon atmosphere; heating rate 15°C min-'. (The numerical data on the side of the figure 
relate to temperature marks on the DT trace and percent weight loss on the TG trace 
between the initial temperature, To, and the end temperature, Te.) 

is nothing but the structural degradation of the 
polymer. An enlarged DTA trace of the polymer 
in the temperature range 170-400°C is presented 
in Figure 2 together with the accompanying TG 
trace. It is clear from Figure 2 that there are three 
distinct substeps, all of which are exothermic 
and occur in the temperature ranges 170-285.7 
(peak) -290.4OC; 290.4-293.1 (peak)-295.9"C; and 

295.9-303.5 (peak) -316.2"C. The DTA trace beyond 
this temperature is essentially featureless, indicating 
that the principal degradation process is almost 
complete at 316°C. 

Specific changes taking place in each of the sub- 
steps and justification of their exothermicity can, 
however, be ascertained only after an analysis of the 
corresponding T G  trace. 
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Figure 2 
170-420°C (other conditions same as in Figure 1 ) . 

Enlarged DT-TG thermograms of polydigolphosphate in the temperature range 

Thermogravirnetric Analysis weight loss up to 316°C) followed by a slow and con- 
tinuous weight loss even up to 820°C. Unlike three 
distinct substeps identifiable in the DTA trace, the 
first derivative TG trace (not shown here) offered 
no evidence of any substeps in mass loss in the tem- 
perature range 175-315"C, indicating that the con- 
secutive exothermic substeps overlap each other. 

The TG trace in Figure 1 shows an initial mass loss 
of 7.575% up to 102"C, which corresponds to the 
first endothermic event in the DTA and is due to 
the elimination of absorbed water. With the as- 
sumption that the polymer retained no NaCl in it, 
phosphorus content is calculated to be 15.27 X (100 
- 7.575)/100, i.e., 14.113%. This value agrees ex- 
cellently with the observed phosphorus content of 
14.2% and suggests of a possibility that the polymer 
has been freed from NaCl by repeated hot water 
extractions. 

The TG trace shows a plateau region in the tem- 
perature range 1O2-17O0C, indicating a thermal sta- 
bility of the polymer up to 17OoC under the exper- 
imental dynamic thermal stress conditions. Beyond 
170"c, there is a sharp and drastic exponential 

DTA-TC Correlation 

Although the exothermic substeps of degradation 
overlap each other, the weight loss corresponding to 
each of the substeps has been found to offer valuable 
information on the fragment mass of the liberated 
species. Table I1 summarizes the stepwise mass loss 
pattern and the possible fragments that could ac- 
count €or it. 
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The data in Table I1 are self-explanatory and 
correlation between the stepwise mass loss and the 
volatiles produced is excellent, barring a slight dis- 
crepancy between the theoretical and observed frag- 
ment weights in each substep, which may be ratio- 
nalized on the basis of overlapping temperature 
zones of the consecutive substeps. The observed 
overall mass loss of 56.54% excellently compares 
with the calculated mass loss of 56.16%. The data 
also clearly establish that the polymer is almost 
completely free of NaC1. 

Mechanism of Degradation 

On the basis of the available data and the deliber- 
ations made so far, a mechanism of degradation of 
the polymer may be proposed as in Scheme 1. 

In substep I, the thermicity of the process per 
unit of phosphate group is the sum total of the heat 
effects due to the breaking of two 0-C and two 
C-H bonds and formation of two 0-H bonds 
and two C = C bonds at the cost of two C - C bonds. 
Coupled with this will be an additional heat effect 
associated with the secondary transformation of the 
leaving moiety, CH2= CH - 0 - CH = CH,, to, 
say, cyclobutanone 

m - 
CH,-C -CH2 .CH, or CH=CH.CH,-0-CH, . 

II 
0 

The heat effect in the primary process of degradation 
in substep I will be endothermic by an amount of 
16 kcal per mol of the phosphate moiety. This value 
has been calculated on the basis of an average bond 
dissociation enthalpy7 of 83, 147, 99, 84 and 111 
kcal mo1-l for C-C, C=C, C-H, C-0 ,  and 
0 - H bonds, respectively. Coupled with this, there 
would be an additional exothermic heat effect of 40 
kcal due to secondary transformation of 

CH,=CH.O.CH=CH, to CH,.C CH, . CH, 
I I  
0 

or 19 kcal for transformation to a species like 

Both of these would account for a net exothermic 
effect of 24 or 3 kcal, respectively, for substep I. 

Substeps I1 and I11 in the degradation scheme 
involves a net cleavage of one-half of a C - 0 bond 
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I1 

I11 

with an endothermicity of $ X 84 = 42 kcal mol-'. 
The secondary heat effect associated with the isom- 
erization of f ( CH2 - CH, 0) to $ (CH,CHO) cal- 
culated on the basis of a bond dissociation enthalpy 
of 170 kcal mol-' for the C-0 bond, however, 
works out to be an evolution of 43 kcal. The net heat 
effect in both the substeps is, therefore, only very 
slightly exothermic. The overall exothermicity of all 
the three substeps is therefore well justifiable, al- 
though as a rule of thumb, degradation, in general, 
should be an endothermic process. 

There are some striking differences in the deg- 
radation pattern between substep I and substeps I1 
and 111. First, in I, the link unit between two phos- 
phorus atoms is split off in a single spell. In I1 and 
111, it is split in two spells. Second, in case of I, 
there is dehydration of the bulk unit, leaving the 
P - OH group in the residue; in I1 and 111, however, 
no dehydration of the link unit takes place. 

These apparent discrepancies in the proposed 
mechanism can be rationalized on the basis of a 
marked difference in the temperature range of the 
individual substep. Further, local strain on the link 
units, which would be more acute in substep I due 
to inherently cross-linked nature of the polymer, 
may be responsible for such behavior. 

A subsequent loss of weight in the TG trace be- 
yond 315°C may therefore be attributed to slow 
evaporation of pyrophosphoric acid and/or to its 
dehydration to polyphosphoric acid. In fact, a sub- 
stantial residue in the form of a glassy scale can be 
recovered after thermal analysis that dissolves in 
water and tests for acid and phosphate. 

The proposed mechanism of degradation is based 
exclusively on the correlation of DTA/TG data on 
a quantitative scale. A confirmation to this mech- 
anism could have been obtained by GC or evolved 
gas analysis by GC-MS, which could not be under- 
taken due to lack of facilities. 

The authors wish to thank Mr. P. K. Bhattacharya for 
his help in recording the IR spectrum and the DT-TG 
thermograms. 
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