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Executive Summary 
 
In the polymer bonded explosive (PBX) 9501, a binder consisting of 2.5 wt% nitroplasticizer (NP) and 
2.5 wt% EstaneÒ5703 (Estane) is combined with 94.9 wt% of the high-explosive HMX and 0.1 wt% 
stabilizer. Because of its flexibility and tensile strength, this binder lowers the sensitivity and improves 
the manufacturability of PBX 9501. However, like many plasticizers comprised of low molecular weight 
components, NP has a tendency to diffuse out of the PBX 9501 matrix and can decompose at moderate 
temperatures into reactive byproducts, such as NO, NO2, H2O, and HNOx. Through oxidation and 
hydrolysis, these molecules can further degrade NP and Estane, ultimately degrading the properties of 
PBX 9501. While gaseous molecules can readily diffuse out of the PBX 9501 charges, the intermediates 
with lower volatility are more likely trapped in the condensed phase inside the charges and, in a closed 
system, will co-exist with Estane for an extended period of time creating an ongoing reactive environment. 
Understanding the rates of formation for these volatiles and intermediates during the NP degradation is 
therefore a critical prerequisite for understanding the long-term stability of polymeric binders used in 
munition systems. To work toward this ultimate goal, in the past year, we have conducted comprehensive 
studies on the physical properties of NP and finished three-year long aging experiment to understand the 
aging behavior of NP under thermal treatment. Important results are summarized in this annual report.  

Although NP is widely used in the DOE complex, their physical properties are rather scattered and 
inconsistent in the open literature.  For example, there are at least two widely different values, 14.5°C and 
-15°C, for the melting point of NP. Although it is known that NP is a eutectic 50:50 mixture of BDNPA 
and BDNPF, their eutectic phase diagram is not well documented. Furthermore, the effect of temperature 
on the miscibility between water and eutectic BDNPA/F mixture is rarely reported. To fill these 
knowledge gaps, a large set of BDNPA/F mixtures with BDNPA concentration ranging from 0 to 100 
wt% was analyzed using DSC techniques. In addition to determining the eutectic melt point as -25°C, a 
phase diagram of the BDNPA/F system was constructed from -30°C to 45°C. With this phase diagram, 
the phase transition temperatures and composition can be readily found for the BDNPA/F mixtures with 
various mass ratios. The results are summarized in Part One. 

During PBX 9501 production and its late characterization, the material is often directly in contact 
with water. While extensive characterization has been conducted on aged PBX 9501 as a whole, how NP 
degrades in direct contact with water has been rarely reported, therefore NP was aged in direct contact 
with water molecules in this study. To study the miscibility between NP and water, a large set of NP/water 
samples with water concentration ranging from 500 to 5800 ppm was fully characterized using 
coulometric Karl Fischer (KF) titration, TGA, DSC, and Near-IR Spectroscopy. From these data, a phase 
diagram of the NP and rich NP-water system was constructed from −90 to 130°C. From this phase 
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diagram, one can find the miscibility between NP and water changes significantly with temperature and 
mixing conditions. Heating increases the homogeneity threshold and water solubility in NP. For example 
at 22°C, NP can potentially contain as high as 3560 ppm when NP directly contacts water. Since water 
molecules can hydrolytically degrade Estane, which ultimately degrades the chemical and mechanical 
properties of the polymer, the phase diagram of NP and water mixtures can be an important tool in 
estimating potential water concentration in NP and the other materials with the presence of NP at different 
temperatures. These results are summarized in Part One as well. 

Although numerous aging studies of PBX9501 have been conducted, there are many questions 
which remain unanswered. For example, why does the same PBX9501 used in the different systems give 
different degradation behaviors? To address this question, the NP thermal stability has been blamed to 
cause the degradation of Estane in PBX 9501 for some systems. It is known that NP stored at Pantex for 
more than 50 years still met the specification for the PBX9501 production. It seems to be commonly 
believed that NP is a stable chemical when it is stored at ambient conditions. Clearly, NP becomes unstable 
when it is exposed to elevated temperatures, which we had demonstrated in our recent studies. However, 
we still need to know how and at what conditions the NP degradation starts. Temperature and headspace 
composition are two major factors that impact the NP aging behavior. Although temperature control is 
relatively easy to achieve, mimicking the headspace conditions to simulate weapon applications is more 
difficult. In our previous studies conducted between 2010 – 2014, the effects of temperature and 
composition on the NP degradation have been systematically examined, and profound knowledge about 
the NP degradation has been accumulated. However, in this earlier work, the aging containers had a large 
free volume (>30x the NP volume). This was not representative of weapon conditions, where the systems 
are sealed with a very small free volume. To understand how NP degrades in weapon applications, we 
conducted a three year-long aging experiment and investigated the aging behavior in systems with low 
free volume in various atmospheres (dry and wet) at temperatures 70°C and below. The properties of aged 
samples were analyzed using TGA, KF titration, and FTIR spectroscopy over a period of three years. We 
found when NP ages inside a confined system, there seems to be a transition at around 55°C at which the 
aging behavior of the NP changes. Below 55°C, a trace amount of water (>550 ppm) stabilizes the 
properties of NP by preventing HONO formation. Above 55°C, nitrous acid (HONO) formation - the first 
step in NP degradation and decomposition - starts within a few months, regardless of the exposed 
compositions. On the nature of the degradation mechanism itself, it is suspected that the formed NOx and 
water from the HONO decomposition serve to auto-catalyze the NP degradation, which results in 
irreversible NP degradation. Since the amount of water (and volatiles) involved in the initial degradation 
of NP is on the order of a few hundred ppms, it becomes critical to rigorously control headspace volume 
to study the aging behavior of NP and NP contained materials, such as PBX 9501. Over the past two 
decades, numerous artificial aging experiments of PBX 9501 and polymeric materials containing NP have 
been conducted in the DOE complex at temperatures up to 80°C, without and with humidity [up to 75 
relative humidity (RH) %], often with a large headspace volume in the aging containers, and sometimes 
with an extra NP source. Although invaluable knowledge has been accumulated about the aging behaviors 
of these materials and the hydrolysis of Estane is now well understood, the uncovered aging behaviors are 
not necessarily relevant to our applications. We hope that the results obtained from this new study shed 
some light on the conditions at which NP degradation starts and provides experimental evidence which 
may help guide the design of future artificial aging studies related to the materials containing NP under 
conditions more relevant to weapon applications. These results are summarized in Part Two. 
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Over the years, the characterization of BDNPA/F is typically conducted using a conventional high- 
performance/pressure liquid chromatography (HPLC) technique.  The focus on this characterization is the 
concentration of BDNPA/F as chemical constituents in the aged PBX 9501 materials. Their identifications 
are based on their retention (elution) times HPLC columns by assuming that their properties remain 
unchanged over the aging process. In this methodology the chemical functionality of BDNPA/F is not 
characterized. However, more and more core surveillance data suggest that the BDNPA/F have aged 
differently when the PBX9501 charges are aged in different LANL weapon systems. Clearly, the 
conventional HPLC method is not sufficient for BDNPA/F characterization if their properties change over 
the aging process. In FY2018, we purchased a high resolution HPLC/MS/MS system - SCIEX X500r 
liquid chromatography tandem quadrupole time of flight (LC-QTOF) instrument. By using different 
ionization modes, this sophisticated system can be an excellent tool to identify unknown fragments from 
the degradation of polymer (<40kDa) to small molecules (>20 Da). We believe that its implementation in 
the binder characterization of PBX9501 will provide rich scientific insights on the degradation pathways 
of NP and other molecules when the binder molecules are aged inside the PBX 9501 charges. In FY2019, 
we have been focusing on methodology development for BDNPA/F characterization. The degraded NP 
samples obtained from the above aging experiment are used for method development.  Since the 
information obtained from this instrument is rather overwhelming, continued efforts in FY2020 will be 
dedicated to refine the developed methodology and to develop effective data processing method so that 
the wealth of data can be processed and presented effectively. The ultimate goal is to reveal the 
mechanisms of NP and Estane degradation when they are aged inside PBX 9501 charges used in the 
LANL weapon systems. Preliminary results obtained in FY2019 will be presented in Part Three of this 
report. 
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Part One: Comprehensive Characterization of Nitroplasticizer Physical Properties  
Nitroplasticizers are commonly used to plasticize polymers so to enhance adhesion of polymer to 

highly energetic crystals, such as HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), while 
maintaining energetic potential of the composite.  Therefore, the mixture of nitroplasticizer and polymer 
can be used as an effective binder in polymer bonded explosives (PBX) 9501, which enhances the 
machinability of the PBX for numerous civil, oil field, and military applications [1-5]. One pair of 
commonly used nitroplasticizers is bis-2,2-dinitropropyl acetal (BDNPA) and bis-2,2-dinitropropyl 
formal (BDNPF). While the individual melt temperatures (Tm) of BDNPA or BDNPF are above 30°C, 
mixing a 1:1 mass ratio of BDNPA/F forms a eutectic mixture with the lowest possible Tm, which greatly 
extends its plasticization temperature and hence its plasticization effect on the polymer [1, 6, 7].  Although 
BDNPA and BDNPF can be used separately to mix with polymer as a binder in a PBX, their eutectic 
mixture with 1:1 mass ratio (hereinafter called BDNPA/F or NP) is used preferentially because of its 
plasticization effect and improved the functionality of the binder material. Despite their wide applications, 
the physical properties of BDPNA, BDNPF, and BDNPA/F in the literature are rather scattered and 
inconsistent.  For example, inconsistency was found in the literature about the melt temperature of the 
eutectic point of BDNPA/F. In 1973, T. Rivera reported a phase diagram of the BDNPA/F system between 
0 and 40°C [7].  The eutectic composition is ~51% of BDNPA with the melting point of ~14.5°C.  
Contrarily, several studies reported the melting point of eutectic BDNPA/F (1:1 mass ratio) as -15°C [4, 
5]. The discrepancy in this eutectic melting temperature is rather large. Furthermore, the eutectic phase 
diagram of the BDNPA/F mixtures is not well documented [7]. To resolve these discrepancies, the Tms of 
the eutectic BDNPA/F mixtures and the phase diagram of the BDNPA/F system were carefully 
determined. Since the detailed description of this work is given in one of our recent manuscripts [8], only 
the brief description of their physical properties is given below.   
 
1.1 Heat fusion of BDNPA and BDNPF  

From DSC measurements, the heat fusion (ΔHf) of the Pantex BDNPA/F samples were determined, as 
listed in Table 1. Considering their purities, the values were adjusted to the 100% purity of BDNPA and 
BDNPF.  In 1973, T. Rivera determined the ΔHf of BDNPA and BDNPF [10].  These literature values are 
listed in Table as well. Clearly, there is a difference between these two sets of data. It is suspected that the 
inconsistency comes from the impurities of different BDNPA and BDNPF sources.    

Table 1. Heat of fusion and physical properties of BDNPA and BDNPF. 

Sample  
Density of pure 

compound 
(g/cm3)* 

Molar mass of pure 
compound 

(g/mol) 

Measured ΔHf 
(kcal/mol)  

Literature ΔHf 
(kcal/mol)**  

 Difference 
(%) 

BDNPA 1.366 326.22 6.16 6.70 8.46 

BDNPF 1.411 312.19 5.54 6.04 7.97 
*from [1], ** from [7]  
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1.2 The Phase diagram of BDNPA and BDNPF mixture 

The phase diagram of BDNPA and BDNPF mixture, as shown in Figure 1, is comprised of four distinct 
phases: one contains only liquid, one only solids, and two of them contain liquids and solids. In the field 
of F + A + FA, the material is composed of three phases of solids: crystalline BDNPA, crystalline BDNPF, 
and crystals composed of various combinations of BDNPA and BDNPF. No strong evidence of a solvus 
for either material was detected. A fifth phase is known, however this amorphous solid phase is not shown 
in the diagram. The phase boundary, based on the detected glass transition, is a straight line from -68.7°C 
in the purest BDNPF to -65.5°C in the purest BDNPA.  At temperatures below the glass transition, this 
solid phase is comprised of the ordered solids described above and a disordered amorphous solid of 
BDNPA and BDNPF. Although the boundary between this fifth and the F + A + FA phases is well defined 
in the data, it has been omitted from the phase diagram because it contributes little to the practical use of 
the material. Based on the modulated differential scanning calorimetry (MDSC) results of this study, the 
eutectic point of the BDNPA/F system is -25.9°C at 52.3% BDNPA and 47.7% BDNPF. Despite the 
apparent difference in these from the values reported by Shen 1991 and Wingborg 2002 [5, 9], the numbers 
agree. Previous authors were likely reporting the onset of crystallization on cooling (-15°C) and we are 
reporting the maxima of change in heat capacity at thermal transitions (-25.9°C). With this phase diagram, 
the phase transition temperatures and composition can be readily found for the BDNPA/F system with 
various mass ratios. The detailed description on how this phase diagram was constructed can be found in 
reference [8]. 

 
Figure 1. Eutectic phase diagram of BDNPA-BDNPF, F= solid BDNPF, A=solid BDNPA, and FA=solid 
BDNPA and BDNPF. 
 
1.3 The Phase diagram of NP and NP rich-water mixture 

In PBX9501, the polymer chain length directly correlates to the overall mechanical strength of the 
polymer, therefore polymer degradation rates are important for the safe use of the material [10].  Polymer 
hydrolysis is a well-known phenomenon [11] and upon hydrolyzation, polymers often lose their 
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mechanical integrity. Poly(ester urethane), such as EstaneÒ5703 (Estane), is used as a binder in the 
formulation of PBX. Previous studies suggest hydrolyzation driven chain scission is one of the main 
degradation pathways. Excessive water causes acid formation in BDNPA/F. When Estane is in contact 
with BDNPA/F, the result is acid catalyzed hydrolysis of Estane and chain scission along the ester 
backbone [12, 13]. However, scarce water also degrades BDNPA/F, producing H2O and NOx [14], 
resulting in oxidative crosslinking and non-hydrolytic chain scission of Estane in addition to the hydrolytic 
chain scission [2, 13, 15-17, 21]. Both conditions result in undesirable changes in the 
chemical/thermal/mechanical properties of Estane and PBX 9501 materials. Due to the degradative effect 
of excess/scarce water on the polymeric binder and BDNPA/F, determination of the water content in NP, 
NP plasticized Estane, and PBX 9501 is crucial.  As water sorption in both HMX and Estane have been 
studied previously [17], this study focuses on the miscibility of water in NP and water solubility in NP, 
specifically in constructing the NP rich NP-water phase diagram. Again, since the detailed description 
how to construct this phase diagram is given in one of our recent manuscripts [8], only the phase diagram 
of NP and water is presented below.  

 
Figure 2. The temperature dependent phase diagram of NP rich, NP-water mixture.  Dashed lines represent 
transitions dependent on experimental conditions or extrapolations.   
 
From the phase diagram of NP and water mixtures, it was found the miscibility between NP and water 
changes significantly with temperature and mixing conditions. Furthermore, despite the water 
concentration in the NP, on heating from < -67°C, the phases will pass through a solid state, at least one  
sol phase, an emulsion phase, into a homogeneous phase, and finally into an unstable phase. Heating 
increases the homogeneity threshold and water solubility in NP. At 22°C, NP can potentially contain as 
high as 3560 ppm when NP directly contacts water. Since water molecules can hydrolytically degrade 
Estane, which ultimately degrades the chemical and mechanical properties of the polymer, the phase 
diagram of NP and water mixtures can be an important tool in estimating potential water concentration in 
NP. 
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Part Two: NP Thermal Stability in a Confined System  
The stability of various classes of polynitro compounds has been investigated previously. However, 
relatively few studies have focused on understanding the decomposition pathways of BDNPA/F at 
temperatures below 70°C [12, 18, 19, 22-26]. Also, although numerous studies have focused on the aging 
behavior of the PBX9501 [12, 13, 16, 27-32], few have focused on the NP alone. From 2012 to 2014, we 
conducted thermal studies of NP aging over two years in headspaces containing air, nitrogen, or water to 
study how that headspace composition impacts the reaction pathway of the NP degradation. Those studies 
experimentally confirmed the mechanisms of NP degradation proposed by several research groups [33-
35, 39]. It is known that the very first step in NP degradation is HONO formation, which then decomposes 
into NOx, water, or HNOx depending on the temperature and headspace condition. These reactive 
molecules can then serve as catalysts to accelerate the NP degradation. Therefore, the thermolysis of NP 
is often treated as a chaos degradation. The detailed degradation mechanisms and potential reactive 
intermediates at moderated temperatures can be found in references [1, 18, 19, 23, 25, 33-34].  

Temperature and headspace composition are two major factors that impact NP aging behavior. 
Although temperature control is relatively easy to achieve, mimicking headspace conditions to simulate 
weapon applications is more difficult. In our earlier work, the aging containers had a large free volume 
(>30x the NP volume) [18, 19]. This was not representative of weapon conditions, where the systems are 
sealed with very little free volume. Also, the sampling procedure was such that a portion of the aged 
sample was withdrawn from the container for each of the various diagnostic characterizations after which 
the samples were resealed and returned for continued aging. This procedure resulted in a change in the 
concentrations of reactants and products in the headspace, stimulating further degradation of NP. This 
earlier work indicated the degradation of NP, even at temperatures below 38°C via changes in color and 
the FTIR spectra, but not in the NMR spectra [18, 19]. This was attributed to the change in the 
concentrations of reactants and products in the headspace and its large free volume. This observation was 
in contrast to the lack of observed degradation in the baseline NP, which has been stable for more than 50 
years at Pantex ambient conditions when it was sealed in its original drum with a minimal headspace.   
Therefore, to better mimic weapon application conditions, we conducted a new thermal aging study. 
Although the environmental conditions selected were the same as in the previous study, the free volumes 
of the aging devices were greatly reduced (free volume/NP volume <0.2) and the headspace composition 
was not allowed to freely exchange with the surrounding atmosphere during aging and sample removal 
processes. Since the detailed description about this aging study was given in several of recent manuscripts 
[35-37], only brief experimental/characterization descriptions and full results/discussion are given in this 
section of this report. 
 
2.1. Aging Sample Preparation and Sample Characterization 

In this study, NP used was obtained from a newly opened drum and past qualification tests 
conducted at Pantex. Its properties were characterized before aging in order to provide a baseline. For 
aging, this baseline NP was loaded into two different devices: IR cells for pseudo-in-situ near infrared 
(NIR) measurements and glass vials for TGA/KF/MIR/LCMS characterization, as shown in Figure 3. To 
perform these analyses, the baseline NP was also loaded into 20 IR cells and 240 vials. Over the aging 
period, the full suite of analyses was performed at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 18, 21, 24, 28, 33, 
and 36 months during the study. A Thermo NicoletÔ iS50 FTIR spectrometer was used to conduct near 
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infrared (NIR) measurements in transmission mode between 4000 and 10000 cm-1 and MIR measurements 
in an attenuated total reflectance (ATR) mode with a diamond crystal between 4000 and 450 cm-1. Prior 
to the measurement, the FTIR instrument was under N2 purge for at least two hours to ensure baseline 
stability of the instrument. The OPUS/FTIR spectroscopy software package was used to analyze the NIR 
results and OMNIC™ Software was used to process the MIR results. For each sample, three to six spectra 
were collected, and the average result is reported. The KF titration was used to determine the water 
concentrations in the aged samples using a Mettler Toledo compact coulometric titrator. 

 
Figure 3. Photos of the NP samples prior to the artificial aging experiments.  

2.2 Results Obtained from the Samples Aged under Air and Nitrogen 

2.3.1 NIR Spectroscopy  
Since NIR spectroscopy is widely used to detect trace amounts of water in the pharmaceutical and food 
industries, we applied this technique to our aged samples. Fig. 4 presents the NIR spectra of a set of 
samples aged inside the IR cells at 45°C for various times. For increased clarity, the water peaks at 5270 
cm-1 are enlarged in an inset. Unlike the other peaks that are not sensitive to aging conditions, this water 
peak monotonically decreases as the time increases from 0 to 56 days. Similar changes are observed for 
the samples aged at other temperatures, but at different rates. These results suggest that water molecules 
leave the NP phase. Water molecules can accumulate in the headspace and/or escape out of the cells. 
Actually, when the cell is opened to air (<25RH%), the observed water peaks disappear within one day. 
The seal in the IR cells was imperfect, which allowed volatiles and water to escape at a very low rate. This 
allowed us to observe very subtle changes (< a few hundred ppms) over an extended period of time up to 
about 60 days and observe the property changes occurring at the very early onset of NP degradation. Using 
a set of NP/water standard solutions with pre-determined water concentrations, we constructed a 
calibration curve relating the areas of the water peaks in the NIR spectra to the water concentrations. The 
detailed description of construction of this calibration curve has been described in our earlier manuscripts 
elsewhere [8, 37]. This calibration curve, as shown in an inset in Fig. 5, was then used to calculate the 
water concentrations of the aged samples based on the water peaks in their NIR spectra. Fig. 5 presents 
the correlations between the calculated water concentration and time for six different temperatures. Over 
the course of the aging process, the water concentrations show three stages over time: 1) monotonic 
decrease; 2) slight fluctuation around a “mean” value without noticeable NP degradation (nondetectable 
using MIR); and 3) for the samples aged >55°C, a large fluctuation with noticeable NP degradation 
(detectable using MIR). As expected, the aging temperature impacts the slope and duration of each stage. 

PTFE Containers PTFE Containers

NP aged under dry condition (air vs. N2) NP aged with contacting DI water
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However, there seems to be a common phenomenon observed in these correlations, namely how the NP 
starts to degrade after its water concentration reaches the lowest point (a plateau) for a sustained period of 
time (after the second stage). It is known that NP contains a trace amount of water after its production 
[20]. The baseline NP used in this study contains ~760 ppm of water prior to the aging experiment. We 
suspect that as water diffuses out of the NP phases and reaches the lowest points at specific temperatures, 
as indicated by the flat lines in Fig. 6.  Some NP molecules start to degrade through NP ® NP’ + HONO 
at moderate temperatures [33, 34]. As HONO decomposes into NOx and water, this newly generated water 
compensates for the water lost through diffusion. When the diffusivity and production rate of water are 
comparable, the water concentration remains more or less constant, which may be responsible for the 
stability of the samples in the second stage. However, as the temperature increases, the rates of HONO 
formation and decomposition increase, as do the escape, evaporation, and auto-catalytic rates, which result 
in irreversible NP degradation. Actually, for the 70°C sample, due to the large rates, the water 
concentration almost approaches zero after 24 months of heating. The measurement of water concentration 
becomes unreliable because it approaches the instrument detection limit. 

 
Figure 4. NIR spectra of a set of NP samples aged at 45°C from 0 to 56 days. Results between 4000 and 
6500 cm-1 were shown. The water peaks were enlarged in an inset for better illustration.  
 

 
Figure 5. Correlation between water concentrations and time for the NP samples aged at various 
temperatures. Flat lines are used to indicate the “mean” values of the water concentrations in the aged 
samples during the second stage. The flat lines were drawn based on the mean values of water 
concentration between the flat regions. Inset is the KF/NIR calibration curve. 
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Our previous study found that when NP is sealed in its original drum with a minimal headspace, 
even after >50 years storage, chemical properties are preserved well and typically contains 600–800 ppm 
amount of water. Conversely, when the NP container is constantly exposed to a dry environment, such as 
that of Los Alamos (<50 RH%), the NP tends to lose this trace amount of water, and shows degradation 
at ambient temperature [20]. This observation might also explain why the NP degraded at 38°C and below 
within 24 months in our previous study, where the free volume was large and the headspace composition 
was periodically reset during the sampling [18, 19]. In this study, the composition does not freely exchange 
with its surroundings and, except for the water peaks, the NIR spectra remain almost the same for 36 
months at temperatures below 55°C. This restriction seems to ensure the minimal requirement of the water 
concentration in NP for their stability. Although we are emphasizing the role of water here, we understand 
there are equilibrium requirements for the reactions of NP « NP’ + HONO and HONO « NOx + H2O.  
Therefore, the concentration of NOx in the headspace is critical as well. Since the water concentration is 
one of the measurable quantities in this experimental design, if we know the water concentration, we will 
know the NOx concentration based on stoichiometry. At the very earliest stage of NP degradation, it is 
reasonable to assume there are no further reactions involved.  Also, water can readily react with NOx to 
form HNOx, which is less volatile than NOx. With these considerations, we believe that water 
concentration plays an important role in regulating the initiation of NP degradation at lower temperatures. 

It is worth noting that in the previous studies, it was determined that the headspace atmosphere 
significantly altered the reaction pathway of the NP thermal degradation [18, 19]. When we designed the 
current study, we prepared air and N2 samples, and expected to see different aging behaviors. However, 
the NIR results reveal an insignificant difference between these two sets of samples as shown together in 
Fig 5. We reason that this lack of a significant difference is due to the low free volume (<0.03 ml) in the 
cell, as shown in Fig. 2. The oxidants, such as NOx, generated from the NP degradation dominate the aging 
behavior of NP, and diminish the initial different compositions in the headspace. A similar observation 
was reported by Wewerka et al. in 1976 when they aged PBX 9501 in systems with low free volume under 
different environments. They believed that the attacking species must have been produced in situ [21]. 

2.3.2 KF Measurement 
As shown in Fig. 6, the water concentrations of the air and N2 samples aged inside the glass vials were 
directly measured using  KF titration. Initially, all samples behave similarly. Their water concentration 
decreases to the lowest value and then starts to fluctuate for extensive period of time. After 12 months, 
the water concentrations in the 64°C samples increase with time. Actually, after 33 and 36 months, the 
water concentrations in the 55°C samples also increase. Both results suggest that samples aged at 
temperatures above 55°C demonstrate different aging behaviors than those aged at temperatures below 
55°C. We speculate that the auto-catalytic reaction starts to dominate the NP degradation, which causes 
cascading reactions and results in the irreversible changes in the NP properties. Interestingly, the turning 
points for the air and N2 samples occur at different times when the samples are aged inside the glass vials. 
We suspect that this difference may be attributed to three sources: 1) the free volume in the glass vials 
(~20%) are larger than that in the IR cells (~10%) compared to the NP sample volume; 2) the vials were 
overall sealed better than the cells; and 3) the vails were kept in their own PTFE containers (air or nitrogen) 
over the entire aging experiment. Therefore, even though there was the possibility of leaks due to the 
deterioration of the caps, the composition in the headspace in the vial samples were better preserved. As 
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a result, the initial composition in the headspace shows some impact on the aging behavior of NP, but not 
as significant as we found in the previous work [18, 19]. 

 
Figure 6. Effect of temperature and time on the water concentration in the air and N2 samples. as the 
acidity of the aged sample increases, the measurement of KF becomes less accurate though the largely 
increased water concentrations in the 55 and 64°C samples are still evidenced. 

Overall, these KF results are consistent with the results obtained from the samples aged inside the 
IR cells, as shown in Fig. 6. It is especially true at the early stages of the aging experiment. As the aging 
progresses, the difference between these two sets of results becomes more obvious, which is most likely 
due to imperfect seal for the cells. The prolonged aging results in more severe loss of water and NOx 
escaping from the cells. Their depletion not only triggers HONO decomposition moving forward and but 
also reduces the concentration of oxidants in the headspace. Conversely, most volatiles accumulate in the 
headspace of the vials. At low temperatures, these accumulated products may slow down HONO 
formation, but at elevated temperatures, their accumulation enhances their chance to attack the degraded 
NP though the auto-catalytic effect, which may explain why the transition points come earlier in the 
samples aged inside the vials than for those aged inside the cells. Therefore, headspace composition plays 
a critical but complex role in changing the pathways and rates of the NP degradation. 

2.3 Results Obtained from the Samples Aged in Direct Contact with Water 
For this study, the NP samples in direct contact with water during aging are referred to as “wet” samples. 
During PBX 9501 production and its later characterization, the material is often directly in contact with 
water. Also numerous artificial aging experiments of PBX 9501 were conducted under high humidity (up 
to 74%RH) at 70°C by many researchers [27-29, 38-40]. The NP was aged in direct contact with water 
molecules. While extensive characterization was conducted on aged PBX 9501 as a whole, how NP 
degrades under this kind of condition has been rarely reported. In our previous study [19], while the 
properties of aged samples were characterized using TGA/FTIR/NMR/LC-MS, their water concentrations 
were not measured. Figure 7 presents the water concentration of these NP samples over time. Initially, the 
water concentration increases from 780 ppm to >2500 ppm, depending on the temperature. After ~6 
months, the water concentration reaches a plateau (saturation) at a specific temperature. The water 
concentration then remains constant for more than 36 months for all samples except for the sample aged 
at 64°C, in which the water concentration increases with time. Even under this super-saturated water 
condition, the auto-catalytic reaction seems to dominate the NP degradation and results in the irreversible 
degradation at elevated temperatures. 
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Figure 7. Effect of temperature and time on the water concentration in the wet NP samples.  
 
2.4 MIR Spectra of Long-Term Aged NP Samples 
Figure 8 presents the MIR spectra of baseline NP and the NP samples aged at 6 and 28 months and at 
55°C and 64°C in air and under water, respectively. For more clarity, the MIR spectra were divided into 
high wavenumber (HWN) and low wavenumber (LWN) regions. As expected, when NP is aged in contact 
with water for 6 and 28 months at 55°C, the NP samples contain some degradation products and more 
water than the baseline NP. This is shown in the water peak between 3800–3100 cm-1 and the hydrogen 
stretch in the HNO3 environment peak at 3590 cm-1 [41, 42]. These newly formed peaks confirm the 
presence of HNO3. The higher intensity in the 28-month sample than that in the 6-month sample suggests 
more HNO3 molecules in the longer aged sample. Other than that, the overall spectral changes in the rest 
of this region are not significant. For the samples aged at 45°C and below, up to 36 months, there are no 
noticeable changes in entire FTIR region (not shown here). 

Figure. 8. MIR of baseline NP and various aged NP samples. (a) HWN region and (b) LWN region.  

 For the 6-month samples aged at 64°C in water, the peaks similar to those found in the 55°C 
samples are observed between 3800–3100 cm-1. However, after 28 months of aging, these peaks 
significantly increase in intensity. The NP samples aged in air also show large differences between 6 and 
28 months. As expected, the dry and wet environments result in different forms and concentrations of 
HNO3•nH2O and NOx in the aged samples. Their characteristic peaks can be seen across the entire MIR 
region. Additionally, the -CHn peaks (between 3100–2800 cm-1) and >CH-OH/CH-NH (between 3500–
3100 cm-1) broad bands change in their intensities as the aging time increases from 6 to 28 months. The 
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large intensity of the >CH-OH/CH-NH in the NP aged under water confirms the formation of C-OH and 
C-NH [19]. In the LWN region, a ketone >C=O peak emerges between 1800–1700 cm-1 in both the wet 
and dry NP samples along with the characteristic band of HNO3 vapor at 1710 cm-1 [41]. The intensity of 
this band in the dry sample is larger than that in the wet sample due to the dilution by water in the wet 
sample. The intensities of other peaks also evolve differently in these two samples, which suggest that NP 
degrades differently when it is exposed to air or water. Overall, the MIR spectral results are consistent 
with the KF results, confirming the formation of new chemical species in the NP samples aged at 55°C 
and above, but not in the samples aged below 55°C after 36 months of aging. Also, it should be noted that 
the BDNPA peak in the FTIR decreases more than the BDNPF peak, which confirms previous findings 
that BDNPA is more prone to degrading than BDNPF [18, 19].  

2.5.Conclusion 
In this study, a systematic aging experiment was carried out, investigating the stability of NP when the 
free volumes in the aging containers were small. This study is are more relevant to weapon applications 
than previous studies. These results suggest at <55°C, NP is stable when it contains a trace amount of 
water, which seems to prohibit the formation of HONO. Additionally, when NP is in direct contact with 
water and the aging temperature is increased, its water solubility increases, although its stability is not 
necessarily compromised at low temperatures. However, at >55°C, NP degradation starts within a few 
months regardless of the composition of the aging atmosphere. We suspect that the generated NOx, water, 
and HNOx can serve as catalysts to accelerate NP degradation so that NP degradation becomes an auto-
catalyzed reaction and results in an irreversible degradation.  

Since the amount of water (and volatiles) involved in the initial degradation of NP is on the order 
of a few hundred ppms it is critical to rigorously control headspace volume in addition to ageing 
temperature to study the aging behavior of NP and NP containing materials, such as PBX 9501. 
Particularly so in a relatively dry environment, such as that at LANL. Over the past two decades, numerous 
artificial aging experiments of PBX 9501 and polymeric materials containing NP have been conducted in 
the DOE complex at temperatures up to 80°C without and with humidity (up to 75 RH%), often with a 
large headspace volume in aging containers, and sometimes with an extra NP source. Although invaluable 
knowledge has been accumulated about the aging behaviors of these materials from these studies, the 
uncovered aging behaviors are not necessarily relevant to applications in the LANL weapon systems. We 
hope that the results obtained from this new study shed some light on the conditions at which NP 
degradation starts and provides experimental evidence which may help to design future artificial aging 
studies related to the materials containing NP under the conditions more relevant to the weapon conditions. 
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Part Three: Characterization of BDNPA/F using newly installed LC-QTOF 
Standard HPLC with Diode Array Detection is unable to determine the products from the degradation of 
BDNPA, BDNPF, and NP. In FY2018, we purchased a high resolution HPLC/MS/MS system - SCIEX 
X500r liquid chromatography tandem quadrupole time of flight mass spectrometer (LC-QTOF) 
instrument.  In FY2019, we focused on the methodology development for BDNPA/F and degradation 
product characterization. Preliminary results are reported in this section.   
 
3.1 Method Development 
With method development still underway, multiple configurations of instrument parameters, mobile phase 
properties, and stationary phases.  Conditions using methanol, acetonitrile, water with 0.1% ammonium 
formate, water with 0.1% ammonium formate, water with 0.1% acetic acid, and water with 0.1% acetic 
acid, have all been attempted with varying degrees of success.  The greatest success has been using: 95% 
optima grade acetonitrile (ACN) with 5% optima grade methanol (MeOH) with 0.1% ammonium acetate 
as the organic mobile phase (phase B) and optima grade deionized water (DI) with 0.1% ammonium 
acetate as the aqueous mobile phase (phase A). Flow volume is set to 0.3 mL/min with a gradient from 
10% phase B to 99.9% phase B back to 10% phase B over 10 minutes, with a C8 reverse phase column 
held at 40°C.  Rinsing the system with acetone between each sample analysis also plays an important role 
in reducing the possibility of column bleed.  The separated analytes are introduced to the mass 
spectrometer via positive and negative electrospray ionization (ESI), and analyzed utilizing information 
dependent acquisition (IDA) set to acquire MS/MS data when response for any mass channel is greater 
than 1000cps, the samples are evaluated from 20m/z to 650m/z.  In early work it was established for NP, 
analysis from 500 to 5000m/z yields few results, for this reason the analysis was limited to 20 to 650 m/z. 
 
3.2 Sample Preparation 
As of now, 288 samples have been collected and retained at LANL, the samples are 16 each (three NP 
conditions: air, nitrogen, water, this also includes the water used to saturate the NP; at four temperatures 
38°C, 45°C, 55°C, and 64°C), these samples were collected at 18 time periods.  The samples are aged 
under the conditions above, after the aging is completed, the samples are held refrigeration at <6°C. Before 
injection, the samples are diluted 1:1000 (vol:vol) in 1:1 (vol:vol) ACN:H2O, for the water saturated 
samples the analyst is careful not to draw sample from areas of the sample where droplets of water have 
formed in the heterogeneous solution. Experimental parameters are being determined using the 12, 24, 
and 36 month water exposed NP samples at each temperature.  
 
3.3 Results and Discussion 
In every analysis, hundreds of masses detected in an aged NP sample, the majority of these detections do 
not have refined chromatography parameters and are considered background. By individually evaluating 
each chromatogram for each detected mass channel (1000-4000 per sample), peaks out of the background 
can be identified and real data sorted from background. 

Mass channels which have Gaussian peaks for elution volume include:  -45.671, -61.7197, -
119.0452, -141.1964, -348.8549, -373.1157, -387.2535, +140.9614, +174.9614, +228.1955, +259.0533, 
+268.9980, +304.0739, +335.0426, +349.0612, and +433.0032 m/z (sign denotes ESI mode).  Molecules 
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that have Gaussian peaks for elution volume and justifiable mass spectra include: BDNPF, BDNPFA, and 
ONO- found at +335.0426m/z, 0.79min; +349.0612m/z, 0.77min; and -45.671m/z, 8.9min respectively.  

In Fig. 9, the hydrocarbon based Kendrick Mass Defect (KMD) plot is shown for all signals, which 
had clear chromatographic peaks. The KMD plot was determined based on one of hydrocarbons as a single 
methyl, which is difference between BDNPA and BDNPF. As shown in Fig. 9, two points show 
horizontality and separation of 14 Da in nominal Kendrick mass, demonstrating the two molecules the 
points represent differ only by this methyl group. The exact masses, shown in Fig. 9(B) were determined 
to be the [M+Na]+ adducts of BDNPA and BDNPF, as shown in Table 2. 

 

   
Figure 9. (A) Hydrocarbon derived KMD plot for all chromatographic peaks detected in NP samples 
exposed to water for 12, 24 and 36 months, the marked peaks show the same average KMD (to three 
decimal places) and represent the sodium adducts of BDNPA/F. (B) Changes in signal in each sample 
for BDNPA-Na+ and BDNPF-Na+.   

Table 2: Theoretical exact masses compared to measured mass channels.  

Molecule Formula Exact Mass [M-Na]+ Measured m/z 
BDNPA C7H12N4O10 312.0553 335.0446 335.0426 
BDNPF C8H14N4O10 326.0710 349.0602 349.0612 
Na+ Na+ 22.9892 

  

 
In previous and this work we have suspected the formation of nitrous acid (HONO) in aged NP. 

We have detected this molecule in the aged NP samples here as the nitrite ion [NO2]-, as shown in Figure 
10.  The discrepancy between measured mass and exact mass is consistent with that of the acetate ion.  
The exact mass of the formate ion has the same discrepancy as shown in Table 3. Interestingly, as shown 
in Fig. 10, the nitrite signal is lower in the samples aged above 55°C, however the signal increases 
dramatically at 24 months for the 64°C sample, whereas the concentration of [NO2]- in the sample aged at 
55°C remains quite low until 24 months, and then increases at 36 months. The concentration of [NO2]- in 
the 38°C sample remains relatively constant through the entirety of the experiment, whereas its 
concentration in the 45°C sample initially remains similar to that in the 38°C sample and then drops to 
nearly zero at 36 months. Many reasons can result in the concentration of [NO2]- changing with 
temperature and aging time.  Among those reasons, it is most likely related to HONO generation rate and 
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its solubility in NP and water associated with different temperatures. It is suspected that the solubility of 
[NO2]- in water increases with increasing temperature and [NO2]- concentration. When the NP samples 
were aged in contact with water, due to its possible increased solubility in water with temperatures, water 
is able to effectively extract the [NO2]- into the aqueous phase, the concentration of [NO2]- in the NP phase 
decreases at 64 and 55°C compared to that in the NP aged at 38 and 45°C initially. However, since the 
degradation rate of NP increases with increasing temperature, as more and more HONO is generated and 
accumulated in both aqueous and NP phases, the concentration of [NO2]- increases with time at the 
elevated temperatures, such as 64°C. We predict that the concentration of [NO2]- in NP will increase with 
time as NP is continuously aged at 55°C.  On the other hand, the decreased [NO2]- in the NP aged at 45°C 
might be due to its extraction by the water phase as the [NO2]- concentration increases in the aqueous 
phase. We predict that the prolonged aging will make the [NO2]- concentration increase in all 
temperatures, just at different rates. Clearly, to verify our suspicions, we are analyzing the [NO2]- 
concentration in the corresponding aqueous samples.   

   

 
Figure 10: The signal change in nitrite ions are shown for the NP samples aged at 12, 24, and 36 months 
in contact with water at four temperatures.  
 
Table 3: Theoretical exact masses compared to measured mass channels, % Difference compares 
differences between exact and measured mass, showing the differences between formate and nitrite ions. 

Molecule Formula Exact Mass Measured m/z Difference  
ONO- ONO- 45.9929 45.6710 0.3219 
Formate- CHOO- 44.9982 44.6750 0.3232    

% Difference 0.2015% 
 
We will continue to develop and refine the methodology, and then analyze full set of 288 samples collected 
over the past three years. Together with other characterization techniques as described in Part Two, we 
should have more comprehensive understanding about how NP thermally degrades under various 
environments.   
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