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Abstract: Energetic polyphosphazenes constitute a novel class of insensitive
binders which potentially outperform conventional carbon-based systems in
terms of their energy-densities and glass transition temperatures. To facilitate the
calculation of energetic performance for these materials, we report here on the use
of bomb calorimetry to determine the standard enthalpies of combustion (A.H®)
and formation (AH®) of 2,2,2-trifluoroethan-1-oxy-/2,3-dinitratopropan-1-oxy-
polyphosphazene (I) as the proportion of (energetic) 2,3-dinitratopropan-1-oxy
substituents (% Energetic Substitution, % ES) is varied between 31% and 78%.
Similar data is presented for the parent polymer bis(2,2,2-trifluoroethan-1-oxy)-
polyphosphazene (II) (% ES = 0). A.H® was found to vary between -2275 kJ-mol!
for the parent polymer II (% ES = 0) and -3415 kJ-mol! for I with % ES =78. The
corresponding values for AH® were -3184 kJ-mol! and -1566 kJ-mol"!. These data
indicate that, as expected, the polymer heats of formation become more favourable
— with respect to the energetic performance of the polymer — as the percentage of
energetic side chain functionalities (% ES) increases.

Keywords: PBX technology, energetic polyphosphazenes, bomb calorimetry,
enthalpy of combustion, enthalpy of formation
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Introduction

Polyphosphazenes have been previously developed as a new category
of energetic binder in order to provide improved energy-densities and glass
transition temperatures (T,s) relative to conventional carbon based polymers [1].
However, if polyphosphazenes are to be incorporated into propellant, explosive
or pyrotechnic formulations their thermochemistry must be understood, in order
to be able to predict performance. A key property used to assess the potential
performance of new energetic ingredients in explosives is the enthalpy of
formation, although other properties such as enthalpy of combustion are valuable
where an external oxidant is employed, such as in composite explosives/rocket
propellants and pyrotechnics.

For non-energetic polymers containing the elements C, H, O it is generally
possible to calculate the enthalpy of combustion and hence formation by applying
the semi-empirical techniques of oxygen consumption calorimetry and molar
group additivity of the heats of formation [2, 3]. However, these methods are
usually less successful for energetic polymers containing nitrogen and other
hetero-atomic species and accuracy becomes significantly impaired [3]. In
these cases, direct experimental measurement by bomb calorimetry is normally
preferred.

The growth of the plastics industry during the last 50 years has led to
a considerable amount of work on the direct thermochemical assessment of
various polymeric materials. Polyacrylates [4], polystyrenes [ 5], polyethers [6] and
poly(dimethylsiloxane) [7] are just a few examples of the non-energetic polymers
that have been combusted successfully in a bomb calorimeter. Meanwhile,
over the last 20 years, with the development of plastic bonded explosive (PBX)
technology, a range of isocyanate-curable, carbon-based energetic binders [§]
has also been thermochemically assessed by bomb calorimetry [9].

The present study has focussed on the calorimetric appraisal of
2,2,2-trifluoroethan-1-oxy-/2,3-dinitratopropan-1-oxy-polyphosphazene (I)
and its parent polymer bis(2,2,2-trifluoroethan-1-oxy)-polyphosphazene (II).
I comprises a random mixed substituent polyphosphazene [10a, 11] with the
structure shown in Figure 1; within this structure it is possible to vary the relative
proportions of the different side chains.
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Figure 1. Random structures of the energetic polyphosphazenes I.

We define % ES as the percentage of energetic (i.e. dinitratopropoxy) side
chains present in the molecule. In the current work we have examined samples
of I possessing values of % ES between 31% and 78%, together with the parent
polymer II, which effectively equates to I with % ES = 0. Specifically, we
have sought to establish for polymer I the nature of the relationship between
the standard enthalpies of combustion and formation (A.H° and A{H®) and the
chemical structure, as the value of % ES is varied. This work represents the
first attempt to correlate experimentally the thermochemical properties of an
energetic polyphosphazene with its chemical structure and is intended to aid
theoretical prediction of the performance of these materials, within a range of
energetic applications.

Materials and Methods

Polymer synthesis and analysis

The synthesis of 1 [11] (78% ES) and II [10] have been previously described.
I (% ES: 70, 65 and 31%) was prepared analogously to that of 78% ES, but
using precursor (2,2,2-trifluoroethan-1-oxy-/ 2,2-dimethyl-1,3-dioxolan-4-
ylmethanoxy-polyphosphazene) possessing the required degrees of substitution.
All such precursors were synthesised by the same synthetic methods, but with
modified amounts of sodium 2,2-dimethyl-1,3-dioxolan-4-ylmethoxide and
shorter reaction times (Table 1).
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Table 1.  Reaction conditions for the synthesis of 2,2,2-trifluoroethan-1-
oxy-/2,2-dimethyl-1,3-dioxolan-4-ylmethanoxy-polyphosphazene
(precursor to 1)

% ES found in final Sodium alkoxide: Reaction time in
product polymer II (molar ratio) refluxing THF (h)

31 1:1 6

65 2:1 12

70 3:1 20

78 5:1 24

The % ES in I, required for calculating the molecular mass of the average
repeat units, was measured using '"H NMR spectroscopy and confirmed (one
sample only, % ES = 70) by elemental CHN microanalyses (Butterworth
Analytical). A summary of the empirical formulae calculated for the polymer
repeat units at various values of % ES is presented in Table 2.

Table 2.  Percent energetic substituent and empirical formulae for Polymer I

% ES Unit empirical formula

0 (II) C4A00H4,OON1AOOOZAOOF&OOPLOO
31 C4.62H5.86N2.2405.72F4.14P 1.00
65 C5.30H7A9ON3A6OO9480F2A10 PIAOO
70 C5.40H8.20N3.80010.40F1.SOPI.OO
78 C5.56H8468N4412011436Fl.32P1.00

Bomb calorimetry of Polymers I & II and combustion product analysis
Energetic polymers are normally combusted as neat viscous liquids, without
burn-rate enhancers or kindling agents [12]. Such materials typically burn very
cleanly under pressurised oxygen, leaving no or negligible residue. Polymers
I were assessed in this manner, whilst I was combusted in the form of a pressed
powder as previously described [13]. The calorimetric measurements were
obtained using a Gallenkamp ‘Autobomb CBA-305’ static adiabatic calorimeter,
fitted with a Parr 1108-Cl halogen-resistant twin-valve combustion bomb.
Ignition of all samples was effected electrically. The temperature increases were
monitored by a Gallenkamp F25 platinum-resistance probe digital thermometer,
accurate to + 0.1 K, interfaced to an external PC which allowed online recording
of temperature data (sampling interval 3 s). Initial temperatures for both
calibration and measurement experiments were equilibrated to 298.0 = 0.5 K
by means of a thermostatic water bath. The calorimeter, which was calibrated
using Parr thermochemical standard grade benzoic acid, had a heat equivalent
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€=10890+40 J-K'!. The general procedures adopted to conduct the calibration
of the calorimeter and the calorimetric and chemical control parts of each
combustion experiment, including the selection of suitable secondary standards
for nitrogen, phosphorus and fluorine, have been described previously [13]. The
instrumental parameters of the techniques employed in the chemical control part
of the calorimetric investigations (NMR spectroscopy, lon chromatography and
GS-MS) have also been previously described [13].

Five calorimetric experiments and two chemical control experiments were
carried out for each sample [13]. All samples burned cleanly under excess oxygen
(3.0 MPa), leaving virtually no residue (typically less than 1 mg from ~300 mg
of initial sample, Figure 2). Whilst performing chemical analysis of the aqueous
combustion products, the non-ideal combustion species monofluoro- (H,PO;F),
difluoro- (HPO,F,), hexafluoro-phosphoric (HPFs) acids and nitric (HNO;) acid were
detected, in addition to the expected ideal combustion species H;PO,, and HF [14].

Figure 2. (a) Polymer-filled 150 ul alumina crucible; (b) Polymer-filled alumina
crucible with ignition wire, inside bomb crucible; (¢) Alumina
crucible after combustion. [Scale shown: cm]

Since the fluorinated phosphoric acids are hydrolytically-unstable and
persisted long enough in the aqueous bomb solutions to interfere with the
calorimetric measurements, a new analytical method was developed to enable
quantitation of each species. This allowed us to derive the general stoichiometric
equation for the combustion reaction of these polymeric systems and to estimate
the (small) magnitude of the corrections to standard states to be applied to the
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raw combustion energy values. The results of this work, including the general
combustion equation for Polymers I and II, have already been reported [13].

Results and Discussion

Synthesis and combustion of Polymer I of varying % ES value

As in all bomb calorimetric experiments, structural and purity control [15]
of the polymers is paramount to obtaining meaningful results. Additionally,
with macromolecules the presence of end-of-chain units which are structurally
different to the main chain units and/or the presence of branching along the
polymer chain can also be significant sources of error. For example the measured
empirical formula of GAP has been shown to vary as a function of its molecular
weight, because the mass contribution of its end-units becomes significant as the
molecular weight of the polymer decreases [9].

In the present work the absence of impurities in all samples was ascertained
by 'H and °F NMR spectroscopy and it was established by GPC that the
molecular weights were sufficiently high to render the mass contribution of
the end-groups negligible (typical Mn = 14900, Mw = 17000, corresponding
to chains of approximately 60 monomer units). The empirical formulae for
the repeat units in each of the four samples of Polymer I are given in Table 2,
together with that for II.

Derivation of Ac(H° and calculation of A(H®

The procedure adopted to derive the standard enthalpies of combustion
(AH®) and formation (A{H®) from the raw bomb energy data was identical
for all samples. As a general example, we report only the calculations for
Polymer I (% ES = 70). The balanced equation for the exhaustive ideal
combustion reaction of Polymer I (% ES =70) derived from the empirical formula
of its monomeric unit may be written [14] as:

Cs.40Hs20N3.8001040F 1.80P1.00 +3.05 Oy + (nH,O) —  5.40 COyg + 3.20 HyOq) +
+1.90 Nz(g) +0.5 P205(S) (—>100 H3PO4(aq)) +1.80 HF(aq)

This expression excludes consideration of the energies of formation and
hydrolysis of HNO;, H,POsF, HPO,F, and HPF¢, for which thermochemical
correction is normally applied during evaluation of the standard internal energy
of combustion (Table 3) [13]. (HPF¢ was only observed for samples with %
ES=0and31))
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Table 3.  Thermochemical corrections for the formation and hydrolysis of
monofluoro- and difluorophosphoric acids applied to the measured
internal energy values of Polymer I (% ES = 70)
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§ The small energy term associated with the formation of HNO; has been accounted for
previously [13].
* Rounded to 3 significant figures

AHP° is derived from the standard internal energy of combustion (A.U°) by
application of Eq. 1 [15] which assumes the ideal gas law to apply at the typical
oxygen bomb pressure (3.0 MPa):

AH® = A.U° + AnRT (1)

where AnRT is the compression energy or ‘work’ term and An is the difference
between the gaseous moles of products and reactants, R is the universal gas
constant and T is the absolute temperature. Thus, for the above example:

An = +5.40 +1.90 —3.05 = +4.25 mol
and AnRT = (+ 4.25)(mol) x 8.314 (J-mol"-K") x 298.15 (K) = + 10.5 kJ

From Table 3, with the estimated monomer unit molecular mass =357.9, the
corrected, molar, standard internal energy of combustion (with the uncertainty
interval taken as twice the standard deviation of the mean) was:

AU° Polymer I (% ES =70)=-9240 + 160 J-g"' = - 3307 = 57 kJ-mol"!

from which the standard enthalpy of combustion is calculated:
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AH° (Polymer I (%ES = 70%) = - 3307 + (+ 10.5) = - 3296 + 57 kJ-mol"
= 9209 + 160 J-g!

where the units of A.(H® and A{H® (kJ-mol! and J-g! respectively) relate to the
average repeat unit of the polymer.

Finally, using the latest CODATA values [16] (Table 4) for the standard
enthalpies of formation of the ideal products of reaction (after secondary reaction
with water), the A¢H® for Polymer I (% ES = 70) can be calculated as follows:

AH® Polymer I (% ES =70) = | ZAH® (products) — A.H® Polymer I (% ES
=70)| = - {(5.40 x 393.51) + (3.20 x 285.83) + (1.90 x 0) + (1.80 x 335.35)
+(1.00 x 1299.0)} — (- 3296) =-4942.2 + 3296 = -1646 kJ-mol' =-4599 J-g’!.

Table 4. CODATA formation enthalpy values of key combustion products

Ideal combustion product -AH 005 15 k), kJ-mol!
CO; g 393.51+0.13
H,0 o 285.83 £0.04
Nz g 0
H;PO; o) 1299.0+ 1.5
HF (. 335.35+0.65

Propagation of the uncertainties associated with the AH® values of the
products of reaction to the main uncertainty associated with the A.H® value
can be shown to be negligible if compared to the main calorimetric uncertainty
interval by application of Equation 2 to the standard enthalpy terms summated,
where dAHC°x is the absolute standard deviation associated with the value AJH®x:

2

(A H oper 1) =[(5AfH°COZ )’+(5AH%0 ) +(5 A Houro, )+

(081w (08, Honm '] @

By application of Eq. 2, the propagation of error due to the uncertainty
intervals associated with the CODATA values can be calculated as:
=57.02 kJ-mol.

The final value of A(H® may therefore be expressed as:

AH® Polymer I (% ES = 70)= -1646 + 57 kJ-mol"! = -4599 + 160 J-g"



Bomb Calorimetric Correlation Study between Chemical Structure and Enthalpy... 11

The standard enthalpies of combustion (A.H®) and hence formation (AH®)
of the other samples were derived in the same manner.

For the sake of completeness we report in Table 5 the thermochemical
corrections applied to the raw combustion energy data for the fluorinated
phosphoric acids detected during the combustion of the non-energetic starting
material, Polymer II (effectively Polymer I, % ES = 0). This sample generated,
in addition to HPO,F, and H,POsF, significant amounts of HPF¢. The magnitude
of the additional correction to account for the formation of this extra species,
which is reversed in sign to that of the other fluorinated acids [17], is also very
small when compared to the total bomb energy change value.

Table 5. Thermochemical corrections to account for the formation and
hydrolysis of monofluoro-, difluoro- and hexafluoro-phosphoric
acids, applied to the measured A.U values of 11
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§ The small energy term associated with the formation of HNO; has been accounted for
previously [13].

Without the addition of water to the bomb prior to the experiment, combustion
of II should generate fluorine gas, because this is known to form (in the absence
of water vapour) during the combustion of highly-fluorinated compounds which
do not contain hydrogen (e.g. hexafluorobenzene and octafluorotoluene [18, 19]).
Given that each empirical monomer unit contains only four hydrogen atoms
with which to form HF, an excess of two fluorine atoms per unit is theoretically
available to contribute to the formation of fluorinated carbon and/or phosphorus
based gaseous species [13].

In order to gain more insight into the combustion stoichiometry of II,
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a sample was combusted without the addition of any water. Qualitative analysis
of the exhaust gases by GC-MS failed to detect either fluorine gas or any of the
fluorinated gaseous species predicted above. However, water vapour (traces)
was detected in the bomb exhaust, so it is assumed that any F, produced reacted
rapidly with water to yield aqueous HF (also detected) and oxygen.

In view of these results, it was assumed that (a) no gaseous fluorinated
carbon and/or phosphorus species had formed, (b) the hydrogen in the monomer
unit was converted to water, (c) the fluorine in the monomer unit was initially
converted to F,,) which then reacted with water (whether adventitious, formed in
the reaction and/or added to the bomb at the outset) to give HF 5q) and Oy). One
mole of polymer would therefore liberate 3 moles of fluorine gas which would
react with water to give 1.5 moles of O, which also contributes towards the
total volume increase of the bomb process and hence upon the final calculation
of the work term, AnRT.

C4.00H4.00N1.0002.00F6.00P1.00 + 5.2505 — 4.00COyg) + 0.5N2) + 2H,0y,

+ 3F2(g) + 05 P205(5) (—>100H3PO4 (aq))

and

3F2(g)+ 3H20(1) — 6HF(aq) + 1.502(g)

An=+4.00+0.5+1.5-5.25=+0.75 mol

AnRT = (+0.75) (mol) x 8.314 (J-mol'-K") x 298 (K) =+ 1.86 kJ

From bomb calorimetry, the corrected AU®= - 9360 =210 J-g!
=-2275+ 51 kJ-mol!

and since the work term is 1.86 kJ, the enthalpy of combustion is given by:
AH°® =-2275+ (+1.86) =-2273 £ 51 kJ-mol"! =-9354 £ 210 J-g"!

Finally, using the CODATA values of the enthalpy of formation for the ideal
combustion products,

AHC 20515 = - {(4.00 x 393.51) + (1.5 x 0) + (2.00 x 285.83) + (0.5 x 0)
+(6.00 x 335.35) + (1.00 x 1299.0)} — (-2273) =
-5457 + 2273 = -3184 + 51 kJ-mol" = -13102 £ 210 J-¢"

Table 6 presents a summary of the A.U-derived A.H® and AH° values for
I at different %ES values, while Figure 3 shows a plot of A.-H® and A{H® against
% ES. Figure 3 confirms the anticipated correlation between the enthalpies of
combustion and formation of I and its % ES. These data show that as the % ES
increases so too does the enthalpy of combustion, whilst the enthalpy of formation
exhibits decreasing exothermicity. The latter feature indicates that enthalpies of
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detonation should increase with % ES, whilst the former feature suggests that
high values of % ES could be energetically advantageous, even when using an
external oxidant (e.g. in composite propellant applications).

Table 6.  AH° and A{H® (expressed in both kJ-mol™! and J-g!) of Polymer I with
different % ES values. (At % ES = 0, Polymer I = Polymer II)

0% ES -AH° -AH° -AH° -AH°
(kJ-mol ) J-gh (kJ-mol) J-gh
0 2275 £ 51 9360+ 210 3184 £ 51 13102 £210
31 2616 £ 41 8871 £ 140 2135 +£41 7277 £ 140
65 3018 + 37 8630+ 105 1900 + 37 5433 + 105
70 3296 + 57 9209 + 160 1646 £ 57 4599 + 160
78 3415+ 85 9201 =230 1566 + 85 4219 £ 230
2;38 V=14 706 ¥ 7776 8
3250 & ;
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2?50 \_:b{,_f-f #Enthalpy of combustion
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Figure 3. Cartesian plot of A.H® and A{H® of Polymer I as a function of Polymer
% ES value, showing error bars.

Conclusions

Standard enthalpies of combustion and formation have been determined
for samples of Polymer I with % ES in the range of 31% to 78%. Similar
determinations on Polymer II have provided data representing the bounding
case for Polymer I with % ES = 0. A clear correlation has been demonstrated
between both the enthalpies of combustion and formation for I and its degree of
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substitution by energetic functionalities. Thus, as % ES increases, so too does
the enthalpy of combustion, whilst the heat of formation demonstrates reducing
exothermicity. These data indicate that — as might intuitively be expected — high
values of % ES are likely to facilitate the most favourable energetic properties
in formulations containing I.
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