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ABSTRACT: A series of energetic polymers, poly(vinyl p-nitrobenzal acetal)-g-polyglycidylazides (PVPNB-g-GAPs), are obtained via

cross-linking reactions of poly(vinyl p-nitrobenzal acetal) (PVPNB) with four different molecular weights polyglycidylazides (GAPs)

using toluene diisocyanate as cross-linking agent. The structures of the energetic polymers are characterized by ultraviolet visible spec-

tra (UV-Vis), attenuated total reflectance-Fourier transform-infrared spectroscopy (ATR-FT-IR), 1H nuclear magnetic resonance spec-

trometry (1H NMR), and 13C nuclear magnetic resonance spectrometry (13C NMR). Differential scanning calorimetry (DSC) is

applied to evaluate the glass-transition temperature of the polymers. DSC traces illustrate that PVPNB-g22#GAP, PVPNB-g23#GAP,

and PVPNB-g24#GAP have two distinct glass-transition temperatures, whereas PVPNB-g21#GAP has one. Thermogravimetric analy-

sis (TGA) and differential thermal analysis (DTA) are used to evaluate the thermal decomposition behavior of the four polymers and

their compatibility with the main energetic components of TNT-based melt-cast explosives, such as cyclotetramethylene tetranitr-

amine (HMX), cyclotrimethylene-trinitramine (RDX), triaminotrinitrobenzene (TATB), and 2,4,6-trinitrotoluene (TNT). The DTA

and TGA curves obtained indicate that the polymers have excellent resistance to thermal decomposition up to 200�C. PVPNB-

g24#GAP also exhibits good compatibility and could be safely used with TNT, HMX, and TATB but not with RDX. VC 2015 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42126.
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INTRODUCTION

TNT-based melt-cast explosives, which are composed of TNT,

RDX, or HMX explosives with aluminum metal, ammonium

nitrate, and ammonium perchlorate oxidant, are obtained in

molten state. These explosives are widely used in industrial and

military applications because of their high detonation velocity,

high power, thermal stability, adjustability to various shape

chambers and so on.1–3 However, melt-cast explosives exhibit

poor mechanical properties and show undesirable defects, such

as cracking, exudation, voiding, and brittleness, which can affect

their ballistic performance and impact sensitivity.4–6 These

defects have motivated researchers to develop novel ways to

obtain, use and store TNT-based melt-cast explosives without

negative impacts to the explosives.7–11 One useful method to

improve the mechanical properties of TNT-based melt-cast

explosives is addition of a proper amount of binders, such as

polyvinyl formal, polyvinyl butyral, and polyvinyl acetate,12–14

to the explosive mix. However, these are typically inert binders

and their addition could reduce the energy of melt-cast explo-

sives. Substitution of these inert binders with energetic binders

may enhance the performance of such melt-cast explosives.

We recently reported an aromatic nitro polymer, poly(vinyl p-

nitrobenzal acetal) (PVPNB), synthesized through the reaction

of polyvinyl alcohol (PVA) with p-nitrobenzaldehyde.15 PVPNB

may present good compatibility with TNT and can be safely

applied in TNT-based melt-cast explosives because both com-

pounds share the same nitrophenyl group. We expect that

PVPNB can enhance the mechanical properties of TNT-based

melt-cast explosives. But the maximum condensation degree of

PVPNB is 87% and its structure still has plenty of hydroxyl

groups.15 In order to boost energy level of PVPNB, more ener-

getic groups should be grafted onto polymer molecule. The

hydroxyl group can be easily modified through various reactions

such as esterification, acetalization, etherification, and the

like.16–19 In the present study, PVPNB was further functional-

ized through cross-linking reactions with different molecular

weight polyglycidylazides (GAPs) to obtain a series of energetic

polymers called PVPNB-g-GAPs. These new energetic polymers

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4212642126 (1 of 9)

http://www.materialsviews.com/


had feasible mechanical sensitivities, thermal stabilities and

good compatibilities with the main energetic components of

TNT-based melt-cast explosives, such as HMX, RDX, TNT and

TATB.

EXPERIMENTAL

Materials

Dibutyltin dilaurate (DBTDL), toluene diisocyanate, N,N-dime-

thylacetamide (DMAC), dimethyl sulfoxide (DMSO), toluene,

PVA (mean degree of polymerization 1700 6 50, hydrolysis

degree 99%), p-toluene sulfonic acid, and p-nitrobenzaldehyde

were supplied by Chengdu Kelong Chemical Reagents Company.

1,2-dichloroethane was obtained from Chengdu Jinshan Chemi-

cal Reagent Company. All of the reagents and solvents were ana-

lytical grade and dried before use. Glycidyl azide polymers

(1#24#GAP) were provided by the Liming Chemical Engineer-

ing Research and Design Institute of Luoyang.

Synthesis

Synthesis of Poly(vinyl p-nitrobenzal acetal) (PVPNB). Up to

10.00 g of PVA (230.00 mmol AOH) was dissolved in 110 mL

of dimethyl sulfoxide at 60�C under stirring. The reaction mix-

ture was then heated to 90�C with stirring until the PVA was

completely dissolved in the solvent. Subsequently, 0.90 g of p-

toluene sulfonic acid and 17.20 g of p-nitrobenzaldehyde were

added to the reaction mixture, which was stirred at 90�C for

another 9 h. After completion of the reaction, the reaction mix-

ture was poured into 500 mL of distilled water to precipitate

the polymer. The polymer was washed several times with tolu-

ene and water and dried in vacuo at 50�C to obtain 23.20 g of

the canary yellow solid PVPNB. The condensation degree of

PVPNB was about 87%.15

Synthesis of Poly(vinyl p-nitrobenzal acetal)-g-polyglycidyla-

zides (PVPNB-g-GAPs). PVPNB-g-GAPs were synthesized

through cross-linking reactions of PVPNB with four different

molecular weights GAPs using toluene diisocyanate as cross-

linking agent. The general procedure is presented in Scheme 1.

Synthesis of Poly(vinyl p-nitrobenzal acetal)-g21#polyglycidy-

lazides (PVPNB-g21#GAP). Exactly 4.41 g (25.00 mmol) of

toluene diisocyanate, 0.30 g of DBTDL, and 20 mL of dried

DMAC were placed in a 250 mL four-neck flask equipped with

a condenser, mechanical stirrer and thermometer under high

purity argon (99.99%) and then heated to 60�C. Up to 10.00 g

of 1#GAP (Mn 5 623, Mw/Mn 5 1.08, hydroxyl value 142.2 mg/g,

25.00 mmol AOH) was then dissolved in 40 mL DMAC and

added dropwise into the reaction solution. After stirring for

2 h, 10.00 g of PVPNB (dissolved in 40 mL of DMAC) was

added to the reaction mixture, which was stirred at 60�C for

another 24 h. Subsequently, the reaction mixture was poured

into 1500 mL of distilled water.20 The polymer was precipitated

and separated out. The obtained polymer was washed with dis-

tilled water and then dried in vacuo at 50�C for 24 h to obtain

23.50 g of PVPNB-g21#GAP, Mn 5 345400, Mw/Mn 5 1.58.

Synthesis of Poly(vinyl p-nitrobenzal acetal)-g22#polyglycidy-

lazides (PVPNB-g22#GAP). Following the procedure for syn-

thesizing PVPNB-g21#GAP, 10.00 g of PVPNB was reacted with

1.20 g (6.90 mmol) of toluene diisocyanate and 10.00 g of

2#GAP (Mn 5 3068, Mw/Mn 5 1.41, hydroxyl value 38.7 mg/g,

6.90 mmol AOH) to obtain 20.02 g of PVPNB-g22#GAP,

Mn 5 348,220, Mw/Mn 5 1.72.

Synthesis of Poly(vinyl p-nitrobenzal acetal)-g23#polyglycidy-

lazides (PVPNB-g23#GAP). Following the procedure for syn-

thesizing PVPNB-g21#GAP, 10.00 g of PVPNB was reacted with

0.55 g (3.14 mmol) of toluene diisocyanate and 10.00 g of

3#GAP (Mn 5 5031, Mw/Mn 5 1.54, hydroxyl value 17.6 mg/g,

3.14 mmol AOH) to obtain 19.60 g of PVPNB-g23#GAP,

Mn 5 350,430, Mw/Mn 5 1.78.

Synthesis of Poly(vinyl p-nitrobenzal acetal)-g24#polyglycidy-

lazides (PVPNB-g24#GAP). Following the procedure for syn-

thesizing PVPNB-g21#GAP, 10.00 g of PVPNB was reacted with

0.70 g (4.05 mmol) of toluene diisocyanate and 10.00 g of

4#GAP (Mn 5 6990, Mw /Mn 5 2.17, hydroxyl value 22.7 mg/g,

4.05 mmol AOH) to obtain 19.80 g of PVPNB-g23#GAP,

Mn 5 353,410, Mw/Mn 5 2.01.

Characterization

ATR-FT-IR spectra were measured on Nicolet 6700 FT-IR spec-

trometer with a resolution of 4 cm21 in the range of 4000-

400 cm21.

UV-Vis spectra were recorded on UNICON UV-2102 PCS spec-

trometer using DMSO as solvent.

1H NMR and 13C NMR spectra were recorded on a Bruker

Advance DRX 400 MHz instrument with hexadeuterated DMSO

as solvent and tetramethylsilane as the internal reference.

DSC curves were characterized on a Q200 DSC instrument at a

heating rate of 10�C/min in flowing high purity nitrogen

Scheme 1. Synthetic route of PVPNB-g-GAPs.
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(99.99%, flow rate 50 mL/min); Tg (glass-transition tempera-

ture) values were obtained from the DSC curves.

TGA was performed using an SDT Q600 TGA instrument with

inflowing air (flow rate 50 mL/min) at a heating rate of 10�C/

min.

DTA curves were recorded on a WCR-1B analyzer at a heating

rate of 10�C/min, air atmosphere and Al2O3 as the reference.

The friction sensitivity was tested according to the national

military standard GJB772A-97 602.1 method and the impact

sensitivity was tested according to the national military standard

method GJB772A-97 601.1 method.21

RESULTS AND DISCUSSION

Structural Analysis

The structures of PVPNB-g-GAPs were unambiguously assigned

based on their ATR-FT-IR, UV-Vis, 1H NMR, and 13C NMR

spectra.

The ATR-FT-IR spectra (Figure 1) showed changes in the chem-

ical structures of original and modified PVPNBs. Characteristic

adsorption peaks at 3110 and 3081 cm21 in the IR spectra of

PVPNB-g-GAPs were attributed to ACH stretching vibrations

of the benzene rings (Figure 1). The band at 1730 cm21

revealed the C@O group.20 The strong and sharp absorption at

1522 cm21 was attributed to the overlap of ANH flexural vibra-

tions22 and ANO2 antisymmetric stretching vibrations. The

peak at 1345 cm21 was ascribed to ANO2 symmetric stretching

vibrations. Peaks at 1604 and 1442 cm21 were attributed to aro-

matic ring skeleton stretching vibrations. The peak at

1223 cm21 was assigned to the COAO stretching vibration.23

Bands at 1113 and 1016 cm21 were related to acetal group

CAOAC vibration coupling. The peak at 1070 cm21 was iden-

tified as ester group CAOAC stretching vibrations. Bands at

857 and 750 cm21 were also attributed to nitro group CAN

stretching vibrations and CANAO flexural vibrations. The peak

at 834 cm21 was ascribed to ACH out-of-plane flexural vibra-

tions in the p-nitrobenzene ring. Compared with the IR spec-

trum of PVPNB, almost disappearance of the AOH stretching

vibration peak was observed in the IR spectra of PVPNB-g-

GAPs. A strong and sharp band observed at 2101 cm21 was

also attributed to AN3 antisymmetric stretching vibrations and

the peak at 1293 cm21 was related to AN3 symmetric stretching

vibrations.24 Analytical results of the ATR-FT-IR spectra indi-

cated that PVPNB-g-GAPs were successfully synthesized from

PVPNB and GAPs.

UV-Vis spectra of the PVPNB-g-GAPs were presented in Figure

2 (DMSO as solvent). The UV-Vis spectra showed a strong and

broad absorption peak region at about 250 to 500 nm. PVPNB-

g21#GAP, PVPNB-g22#GAP, PVPNB-g23#GAP, and PVPNB-

g24#GAP showed maximum absorption peaks at 310, 306, 304,

and 305 nm, respectively, owing to the nitrophenyl and azide

groups of the copolymer side chain.15,24 So the UV-Vis spectra

analytical results strictly corroborated the ATR-FT-IR spectra

analytical results that PVPNB-g-GAPs were successfully synthe-

sized from PVPNB and GAPs.

The structure of PVPNB-g21#GAP was also characterized by
1H NMR and 13C NMR spectra. Figure 3 showed the 1H NMR

spectrum of PVPNB-g21#GAP. The signal at d 5 1.10–2.30 ppm

was attributed to overlapping peaks of the methylene protons of

the PVPNB main chain and the methyl protons of toluene dii-

socyanate (denoted a, d, f, and k). The signal at d 5 3.20–4.00

ppm was ascribed to overlapping peaks of the methine protons

of the PVPNB main chain and the protons of GAP

(AOCH2CH(CH2N3)OA, denoted b, e, v, q and w). The signal

at d 5 5.50–5.80 ppm indicated the proton of the PVPNB side

chain (-OCHO-, denoted g). The signal at d 5 7.00–7.50 ppm

corresponded to the benzene ring protons of toluene diisocya-

nate (denoted m, n, o).25 Two broad signals at d 5 7.50–8.30

ppm were related the nitrophenyl ring protons of the side chain

belonging to PVPNB (denoted i, h). The weak and broad signal

at d 5 5.80–6.00 ppm was caused by hydroxyl groups in PVPNB

(denoted c). The 13C NMR spectrum of PVPNB-g21#GAP was

shown in Figure 4. The signal at about d 5 18.00 ppm was

attributed to the methyl carbon of toluene diisocyanate

(denoted k’). The signal at about d 5 44.64 ppm was ascribed

to the methylene carbon of the PVPNB main chain (denoted a’,

d’, f ’).26 The signal at d 5 68.00–74.00 ppm was attributed to

overlapping peaks of the methine carbon of the PVPNB main

chain and the methine carbon of the GAP main chain (denoted

b’, e’, w’). The signal at about 98.81 ppm was related to the car-

bon of the PVPNB side chain (AOCHOA, denoted g’).27 The

signal at d 5 110.00–148.00 ppm was ascribed to the signal cross

of nitrophenyl ring carbons of the PVPNB side chain and ben-

zene ring carbons of toluene diisocyanate (denoted m’, n’, o’, x’,

y’, z’, h’, i’, u’, l’). Furthermore, the signal at d 5 153.00–155.00

ppm was related to the carbonyl carbon of PVPNB-g21#GAP

Figure 1. ATR-FT-IR spectra of PVPNB-g-GAPs and PVPNB.
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(denoted p’). The signal at d 5 78.00–79.00 ppm belonged to

the ether bond carbon of the GAP main chain (AOCH2A,

denoted q’).28 The signal at d 5 51.00–52.00 ppm was attributed

to the azidomethyl carbon of the GAP side chain (ACH2N3,

denoted v’). These signal positions observed in the 1H NMR

and 13C NMR spectra of PVPNB-g21#GAP strictly corroborated

our ATR-FT-IR and UV-Vis analysis results.

Thermal Analysis

The thermal stability of energetic materials plays an important

role in their preparation, processing, storage, and application.

Thus, DTA was applied to study the thermal stability of the

PVPNB-g-GAPs. The DTA curves (Figure 5) of the PVPNB-g-

GAPs reflected excellent resistance to thermal decomposition up

to 200�C. In addition, the compounds began to decompose

gradually above the indicated temperature. All of the DTA

curves exhibited three exothermic peaks. The first exothermic

peak occurred at around 236�C, which was ascribed to decom-

position of the azide group.29 The second exothermic peak

occurred at about 304�C, which was attributed to scission of

side-chain nitrobenzene from PVPNB30 and decomposition of

the GAP main chain.31 The third exothermic peak appeared at

around 560�C and was attributed to decomposition of the

PVPNB main chain.

Thermal characterization of the PVPNB-g-GAPs was further

performed by recording their TGA and DTG curves. The TGA

and DTG curves of the PVPNB-g-GAPs are presented in Figure

6; these curves all show three weight-loss temperatures under

air atmosphere. Figure 6 (PVPNB-g21#GAP) shows that the

first weight-loss temperature began at 241�C, where about

22.27% of the polymer was lost. The second decomposition

temperature began at 281�C with 28.06% weight loss. The final

weight-loss peak occurred at 564�C with about 49.35% weight

loss. The curves of PVPNB-g22#GAP show decomposition

Figure 2. UV-Vis spectra of four PVPNB-g-GAPs.

Figure 3. 1H NMR spectrum of PVPNB-g21#GAP.
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temperatures: 247�C with 25.47% weight loss, 294�C with about

26.01% weight loss, and 577�C with 48.17% weight loss. Simi-

larly, PVPNB-g23#GAP, the first decomposition occurred at

about 244�C, the second decomposition occurred at about at

294�C and the third decomposition occurred at about 566�C;

weight losses at these temperatures were 23.70%, 28.02%, and

48.17%, respectively. Finally, in PVPNB-g24#GAP, the first

weight loss of 21.95% occurred at 240�C, the second weight loss

of 28.29% occurred at 294�C, and the third weight loss of

49.90% occurred at 561�C. Comparing their first weight-loss

temperatures, the stability of PVPNB-g22#GAP is clearly supe-

rior to that of PVPNB-g23#GAP, which, in turn, is more stable

than PVPNB-g21#GAP. PVPNB-g24#GAP shows the most

unstable features in all aspects.

To well understand the thermal decomposition mechanism of

PVPNB-g-GAPs, thermogravimetric analysis tandem infrared

spectrum (TGA-IR) was applied to rapidly identify the constitu-

ents of gaseous products during the decomposition of the most

unstable copolymer PVPNB-g24#GAP under nitrogen (Figure

7). As shown in Figure 7(a), TGA and DTG curves indicated

the thermal degradation of PVPNB-g24#GAP under nitrogen

was a two-step reaction appeared at 248 and 305�C, respectively.

Figure 7(b) depicted the FT-IR spectra of gaseous products dur-

ing the decomposition of PVPNB-g24#GAP at 248�C and

305�C. The results showed that the decomposed products of

PVPNB-g24#GAP at 248�C under nitrogen are mainly of N2,

CO2 (2326 and 2300 cm21), CO (2155 and 2111 cm21), NH3

(965 and 929 cm21), and NO2 (1628 cm21). Therefore, the

22.97% mass loss observed in TGA curves of PVPNB-g24#GAP

at 248�C could be attributed to the breakdown of the azide

group,32 nitro group,33 and urethane group.34 The decomposed

products of PVPNB-g24#GAP at 305�C were mainly of CO2

(2326 and 2286 cm21) and esters fragments (1791 and

1771 cm21).

To evaluate their thermal behavior further, glass-transition tem-

peratures (Tg) were investigated by DSC (Figure 8). PVPNB-

g22#GAP, PVPNB-g23#GAP, and PVPNB-g24#GAP showed

Figure 4. 13C NMR spectrum of PVPNB-g21#GAP.

Figure 5. DTA curves of four PVPNB-g-GAPs.
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two distinct Tg at 238.96 and 10.85�C, 244.31 and 5.77�C, and

239.17 and 2.86�C, respectively. Whereas, PVPNB-g-1#GAP

showed a single Tg at 23.91�C. The results indicated that

PVPNB-g22#GAP, PVPNB-g23#GAP and PVPNB-g24#GAP

were biphasic system with the sub-microphase separation. The

different Tg values were probably due to the interaction of

incompatible segments of the blocks. Moreover, it revealed that

PVPNB-g21#GAP was a homogeneous phase system.35–37

Sensitivity Properties

The friction and impact sensitivities of PVPNB-g-GAPs were

measured in accordance with national military standard

method.21 The testing conditions of friction sensitivity were

Figure 6. TGA and DTG curves of the four PVPNB-g-GAPs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 7. (a) TGA and DTG curves of PVPNB-g24#GAP under nitrogen; (b) FT-IR spectra of gaseous products during the decomposition of PVPNB-

g24#GAP at 248�C and 305�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that the weight of rocking hammer was 1.5 kg, the switch angle

was 90�, the pressure was 3.92 MPa and the quantity of sample

was 20 mg. Twenty-five samples were tested and the firing per-

cent was calculated. The testing conditions of impact sensitivity

were that the weight of dropping hammer was 10 kg, the height

of dropping hammer was 25 cm and the quantity of sample

was 50 mg. Twenty-five samples were tested and the firing per-

cent was calculated. The results were shown in Table I. It

showed that both the friction sensitivity and impact sensitivity

of PVPNB-g-GAPs were lower than HMX and the order of fric-

tion sensitivity was HMX, PVPNB-g22#GAP>PVPNB-

g21#GAP>PVPNB-g23#GAP>PVPNB-g24#GAP.

Compatibility Testing

Compatibility is an important safety and reliability index used

to evaluate the production, application and storage of energetic

materials. DTA curves were used to determine the compatibility

of PVPNB-g-GAPs with the main energetic components of

TNT-based melt-cast explosives, such as HMX, RDX, TNT, and

TATB, by investigating the effects of the contact materials on

the exothermic decomposition temperature of the explosives.38

Characteristic DTA curves of PVPNB-g24#GAP and a mixture

of PVPNB-g24#GAP/TNT, PVPNB-g24#GAP/HMX, PVPNB-

Figure 8. DSC curves of four PVPNB-g-GAPs.

Figure 9. DTA curves of PVPNB-g24#GAP and a mixture of PVPNB-g24#GAP/TNT, PVPNB-g24#GAP/HMX, PVPNB-g24#GAP/RDX and PVPNB-

g24#GAP/TATB.

Table I. The Mechanical Sensitivities of PVPNB-g-GAPs

Sample
Friction
sensitivity/%

Impact
sensitivity/%

PVPNB-g21#GAP 96 0

PVPNB-g22#GAP 100 0

PVPNB-g23#GAP 92 0

PVPNB-g24#GAP 84 0

HMX3 100 100
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g24#GAP/RDX, and PVPNB-g24#GAP/TATB were shown in

Figure 9. The maximum exothermic peak temperatures and

maximum exothermic peak temperature differences (�Tp) (the

maximum exothermic peak temperature of PVPNB-g24#GAP

single system subtracted the maximum exothermic peak temper-

ature of binary system) of the compounds were also shown in

Table II. Standards of compatibility for explosives and contacted

materials39 were listed in Table III. The �Tp between the

PVPNB-g24#GAP single system and PVPNB-g24#GAP/TNT

binary systems was 27�C (Figure 9 and Table II), while those

between the PVPNB-g24#GAP single system and the PVPNB-

g24#GAP/HMX, PVPNB-g24#GAP/TATB, and PVPNB-

g24#GAP/RDX binary systems were 0, 218, and 11�C, respec-

tively. According to standards of compatibility (Table III), the

results in Table II indicated that the binary systems of PVPNB-

g24#GAP/TNT, PVPNB-g24#GAP/HMX and PVPNB-

g24#GAP/TATB had good compatibility because their �Tp val-

ues were less than 2�C. Conversely, the �Tp of the binary sys-

tem of PVPNB-g24#GAP/RDX exceeded 2�C, which meant

poor compatibility between PVPNB-g24#GAP and RDX.

CONCLUSIONS

Four energetic polymers, PVPNB-g-GAPs, were synthesized by

cross-linking four different molecular weights GAPs to PVPNB

using toluene diisocyanate as the cross-linking agent. The struc-

tures of these compounds were confirmed by ATR-FT-IR, UV-

Vis, 1H NMR, and 13C NMR and their thermal stability was

estimated by DTA, TGA-DTG, and DSC. The DTA and TGA-

DTG curves indicated that PVPNB-g-GAPs have excellent resist-

ance to thermal decomposition up to 200�C and begin to

decompose gradually at about 230�C. The DSC curves of

PVPNB-g-2#GAP, PVPNB-g-3#GAP and PVPNB-g-4#GAP show

two distinct Tg, whereas PVPNB-g-1#GAP shows only one.

Moreover, sensitivity test and compatibility test results show

that PVPNB-g24#GAP is an insensitive material, which has

good compatibility with TNT, HMX, and TATB. Further experi-

ments will be carried out to demonstrate its capacity as a new

energetic binder to improve the mechanical properties of TNT-

based melt-cast explosives.
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