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R1-A.1: Characterization of Explosives
& Precursors

L. PARTICIPANTS
Name Title Institution Email
Jimmie Oxley Co-PI URI joxley@uri.edu
Jim Smith Co-PI URI jsmith@chm.uri.edu
Gerald Kagan Post-Doc URI gkagan@chm.uri.edu
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Austin Brown PhD URI 5/2016
Kevin Colizza PhD URI 5/2018
Lindsay McLennan PhD URI 5/2017
Stephanie Rayome MS URI 12/2015
Jon Canino PhD URI 5/2014
Devon Swanson PhD URI 5/2017

IL. PROJECT DESCRIPTION

A. Overview and Significance

All new materials require characterization; but in the case of explosives, complete characterization is espe-
cially important in terms of safety concerns--safety for those who handle the materials and safety for those
with expectations that the materials perform. In the case of homemade explosives (HMEs), the materials may
not be exactly new (many were reported in the late 1800’s), but their “routine” handling by those involved in
counterterrorism has resulted in accidents and raises questions about detectability.

To detect, destroy, handle safely or prevent the synthesis of HMEs, complete understanding of the following
information is essential:

e How the HME is formed and what accelerates or retards its formation;

How the HME decomposes and what accelerates or retards that decomposition;
How the HME crystallizes;

What is its vapor pressure and what is its headspace signature;

What is its density;

What is its sensitivity to accidental ignition as well as purposeful ignition;

What is its performance under shock and fire conditions?

Admittedly this mission is too large and R1-A.1 has approached it material by material. In previous years,
we have examined triacetone triperoxide (TATP) and erythritol tetranitrate (ETN) [1-11]. The detailed ex-
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amination of TATP resulted in 10 publications and led to a method of preparing safe, long-lasting canine and
instrument training aids. ETN, a compound chemically similar to the often used explosive PETN (pentaeryth-
ritol tetranitrate), is still being examined. Our present focus has been on hexamethylene triperoxide diamine
(HMTD) [12, 13] and fuel/oxidizer (FOX) mixtures, in general [14].

Many laboratories which work directly or indirectly on homeland security issues are not able to purchase
or store explosives, especially HMEs. Our database provides a valuable service to those laboratories. Stan-
dard chemical properties are measured and uploaded to a database for assessment by registered users. In
addition, advice is available in terms of how to perform analyses in their own laboratory; and, in a few cases,
personnel have been sent to train in the URI laboratory. Disposal of small quantities of HMEs can also be a
concern. URI is a leader in the field of chemical digestion of unwanted HMEs. Research on FOX mixtures is a
field where little definitive information is available but there is much speculation in terms of what “works”
and what “ought to work”. Our research in this area has two goals: (1) To allow the homeland security enter-
prise (HSE) to narrow or widen the list of threat oxidizers; and (2) To collect and match sufficient small-scale
data to large-scale performance so that small-scale data has greater predictive value.

R1-A.1 is currently focused on HMTD formation and decomposition and on bounding the range of FOX mix-
tures which can be used as explosives. Publications regarding our findings can be found in section V.A. One
of our first approaches to the study of HMTD was examining analysis methods. HMTD exhibits an unusual
gas phase phenomenon in the presence of alcohols, and we used positive ion atmospheric pressure chemical
ionization (APCI) mass spectrometry to examine this behavior. HMTD was infused with various solvents,
including '®0 and ?H labeled methanol, and based on the labeled experiments, it was determined that under
APCI conditions, the alcohol oxygen attacks a methylene carbon of HMTD and releases H,0, [12]. Our work
continued to study synthesis and decomposition of HMTD in condensed phase. Mechanisms are proposed
based on isotopic labeling and mass spectral interpretation of both condensed phase products and head-
space products. Formation of HMTD from hexamine appeared to proceed from dissociated hexamine, as evi-
dent from the scrambling of the *N label when synthesis was carried out with equal molar labeled /unlabeled
hexamine. The decomposition of HMTD was considered with additives and in the presence and absence of
moisture. In addition to mass spectral interpretation, density functional theory (DFT) was used to calculate
energy differences of transition states and the entropies of intermediates along the decomposition pathway.
HMTD is destabilized by water and citric acid, making purification following initial synthesis essential in or-
der to avoid an unanticipated violent reaction [13].

A survey of the stability and performance of FOX mixtures examined 11 solid oxidizers with 13 fuels by
differential scanning calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition.
Sugars, alcohols, hydrocarbons, benzoic acid, sulfur, charcoal and aluminum were used as fuels; all fuels ex-
cept charcoal and aluminum melted at or below 200°C. It was found that the reaction between the oxidizer
and the fuel was usually triggered by a thermal event, i.e. melt, phase change or decomposition. Although
the fuel usually underwent such a transition at a lower temperature than the oxidizer, the phase change of
the fuel was not always the triggering event. When sugars or sulfur were the fuels, their phase change usu-
ally triggered their oxidation. However, 3 oxidizers, KNO,, KClO,, NH,CIO,, tended to react only after they
underwent a phase change or began to decompose, which meant that their oxidization reactions, regardless
of the fuel, was usually above 400°C. KCIO,/fuel mixtures decomposed at the highest temperatures, often
over 500°C, with the ammonium salt decomposing almost 100°C lower. Mixtures with ammonium nitrate
(AN) also decomposed at much lower temperatures than those with the corresponding potassium salt. With
the exception of the oxidizers triggered to react by the phase changes of the polyols and sulfur, FOX mix-
tures generally decomposed between 230°C and 300°C, with AN formulations generally decomposing at the
lowest temperature. In terms of heat release, potassium dichromate/fuel mixtures were the least energetic,
generally releasing less than 200 Jg*. Most of the mixtures released 1000 to 1500 Jg!, with potassium chlo-
rate, ammonium perchlorate and AN releasing significantly more heat, around 2000 Jg*'. When the fuel was
aluminum, most of the oxidizers decomposed below 500°C, leaving the aluminum to oxidize at over 800°C.
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Only two oxidizers reduced the temperature of the aluminium exotherm: chlorate and potassium nitrite. To
go to temperatures above 500°C, unsealed crucibles were necessary, but with these containers, the endother-
mic volatilization of reactants and products effectively competed against the exothermic decomposition so
that heat release values were artificially low.

B. State-of-the-Art and Technical Approach

Physical properties include infrared (IR), Raman, 'H and *C NMR and mass spectroscopy. These properties
are measured and made available to the HSE and forensic labs through an online database. Also available to
the users are analytical methods. Other essential properties include thermal stability under a variety of con-
ditions, heat of decomposition and detonation and destructive techniques. As discussed below our database
has over 900 subscribers and is much appreciated. In the last year, we have been asked to review more than
40 papers dealing with explosives; this serves to keep us busy and updated with the latest research. In terms
of studies of FOX materials, it is of interest that most papers in the last decade originated from India or Iran.

B.1. HMTD studies

B.1.a. Rationale and approach for HMTD studies

HMTD was first synthesized in 1881 [15, 16]; it forms from the oxidation of hexamine by hydrogen peroxide
with an acid catalyst followed some decades later [17]. X-ray diffraction showed planar 3-fold coordination
about the two bridgehead nitrogen atoms rather than a pyramidal structure (see Fig. 1) [18, 19]. This ring
strain in HMTD may account for its low thermal stability and high sensitivity to impact, shock, and elec-
trostatic discharge [20, 21]. Because there have been several accidents with counterterrorism personnel
handling HMTD, we launched a study to better understand its chemistry and to identify its signature under
a variety of conditions for the purposes of detection. The chemistry and decomposition of HMTD in the pres-
ence of a number of chemicals was probed. In addition, isotopically labeled HMTD was prepared and used to
elucidate its mechanism of formation and decomposition

__._..mCHz

N
e N

CHy)
it
HC” N\clsﬁz

Figure 1: HMTD structure.

B.1.b. HMTD headspace studies

HMTD has only limited solubility even in the most polar solvent so that large volumes of ethyl acetate and
acetonitrile must be used for recrystallization, and these proved almost impossible to remove completely
from HMTD. For that reason, many of the studies were conducted with both crude and recrystallized HMTD
to ensure the presence of trace solvent had not biased results. Because HMTD decomposition can be readily
observed at 60 °C, significant decomposition at ambient temperature is probable. In fact, when HMTD was
removed from storage at-15 °C (freezer temperature), it developed a noticeable odor after a couple of hours.

Headspace samples of both crude and recrystallized HMTD, fresh and aged, were analyzed by GC/MS. Gases
were analyzed from the headspace using gas-tight syringe or Solid Phase Microextraction (SPME) fiber. The
former was used for permanent gases; the latter for volatile amines. When HMTD was heated under a vari-
ety of conditions the predominant decomposition products observed in the headspace were trimethylamine
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(TMA) and dimethylformamide (DMF) with trace quantities of ethylenimine (EN), methyl formamide (MFM),
formamide (FM), hexamine, with moisture, 1-methyl-1H-1,2,4-triazole and pyrazine. No oxygen nor nitrogen
was found, but carbon monoxide and carbon dioxide were evolved in significant amounts. Surprisingly, no
HMTD was observed under dry, moist, acidic, or basic conditions. This raised concerns about whether mo-
lecular HMTD could be found in its headspace or whether it had decomposed under our analytical protocols.
Therefore, we used the same GC/MS conditions to inject a solution of HMTD; the molecular ion was observed,
leading us to conclude that if it had been in the vapor headspace, we should have observed it. However, at the
Trace Explosive Detection conference (April 2015), MIT Lincoln Labs reported with a specialized set up they
were able to detect the molecular ion at the parts-per-trillion level. [21]

B.1.c. Reactivity of HMTD

The effect of additives on HMTD stability was screened by differential scanning calorimetry (DSC) (see Ta-
ble 1) and by isothermal heating at 60°C or 80°C (see Table 2 on the next page). A general trend is readi-
ly observed: acids lower the temperature at which the exothermic maximum appeared. We had previously
demonstrated that concentrated mineral acid could be used to destroy HMTD [22-26]. We and others also
observed that aqueous basic solutions rapidly decompose HMTD [27]. To determine the effect of select addi-
tives, HMTD was held at 60 °C for a week at 30%RH; of the additives tested, only citric acid markedly acceler-
ated HMTD decomposition. The fact that water and citric acid, both used in the synthesis of HMTD, lowered
its thermal stability emphasizes the need to thoroughly rinse and dry HMTD. Headspace monitoring revealed
that water, citric acid, or any acidity sped up the production of TMA and DMF in gas phase.

Exotherm
Temp.

Onset

Temp. of Heat

HMTD Rec 70/30 EA/ACN

pKa of | pKb of |Exotherm| Maximum |Released
Material Additive | Additive | (°C) (°0) J/g)
18.2MQ H20 14.0 0.0 |
HMTD Crude ' 161 2300

N/A N/A 159
T on T a1 i T 171 T 3100 ]

HMTD + Aqueous Solution

HMTD Crude + 2ul H20

N/A

N/A 1_N/A a0 _14? 3200 |

N/A

CONA 136 1 140 3100

T A 126 129 I 3700 |

HMTD Crude + 2ulpH7 Buffer T N _'_ NA T 134_Eli
HMTD Crude + 2ul pH10 Buffer —I— wa | wa | 137 |

3300 |
3100

HMTD Crude + K Tertbutoxide 15% | 17.0 | -3.0 159 160

HMTD + Solvents
HMTD Crude +20ACN ' wa T wa T o152 | 158 T 3000 |
HMTD Crude +2u Bengene | _nia_ [ [ 166 712 5000
HMTD Crde 20l EOH | NA | NA | 13 164y 2800 |
HMTD Crude + 2ul EtAc + N/A —'— NA 156 | 169 2800

HMTD + Solid Acids
HMTD Crude +KH2PO4 1% | 72 | 68 | 18 | 165 | 2100
HMTD Crude + KH Phthalate 15% 54 _ 86 __ 156 __ 157 _ 1900 |
HMTD Crude + Benzoic Acid 15% 42 | 98 | 155 160 | 2600
mﬁDc_rudiAﬂrbﬁcﬂ_w%_Jr o T 1“6_tlﬁ 2000
HMTD Crude + Citric Acid 15% AI_I T09_ [ 134 | 137 ] 2800 ]
HMTD Crude + Sulfnie Acil 1% |30 "1L0° {1227 7125 | 73400
HMTD Crude + O Phthalic Acid 15% 1 T 13 T s T 2000

HMTD + Solid Bases
HIMTD Crude + Melamine 1% __ | 50 | 90 | 15 | 159 | 2000 |
HMTD Crude +NaHCO315% T 64 T 77 T_i63 T 164 T 1300 |
[HMTD Crude + KH2PO4 15% _| 72_L 68_L 163 |, 165 | 2100 |
[HMTD Crude + NaOH 15% | 140 160 161 2300 |
D e Ne01 30— 160 1007 O_V__w2_1 _164_D1<&

2200

*NaHCO, has and endotherm which lowers the total heat released

Table 1: DSC of HMTD with additives (20 °C/min).
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30%RH 60C 1 week

HMTD Solid |Average %
Additive (15%) |Remaining
None 87
NaHCO3 87
KH2PO4 96
NaOH 75
KTButoxide 80
Citric Acid 13

Table 2: Solid additives with HMTD.

B.1.d. Effect of humidity on HMTD decomposition

In 1924, it was reported:

“That H.M.T.D. is stable at temperatures up to at least 60 °C; it is not affected by storage under water; but it is
slowly affected when subjected to high humidity at maximum summer temperature....It is practically non-hy-
groscopic.’[27]

Because this statement does not support our DSC results (see Table 1 with added water), samples of crude
HMTD were held at 60°C at fixed humidities of 0, 30, 75, or 100%RH and monitored each week for four weeks
(see Fig. 2) [28]. After 2 weeks, the samples of HMTD at high humidities were completely degraded; no HMTD
was observed by GC/MS.

HMTD % Remaining at 60°C Vs. Relative Humidity

100.0
90.0
80.0 V 7% 0% RH

®30% RH

m75% RH

Hm100%RH

N\

HMTD % Remaining
w2 =
S S 29
s = o

w
S8
°

MM\

=
S oS
> o

0.0

1 Week 2 Weeks 4 Weeks
Time

Figure 2: Effect of humidity on HMTD.

B.1.e. Mass spectral analysis of condensed-phase decomposition products

HMTD was heated at 60°C under various conditions. Products were examined by GC/MS and LC/MS; and
assignments are shown in Table 3 and Table 4, respectively, on the next page. Assignments are based on
comparison with the authentic samples [4.2, 4.3, 4.5, 4.11, HMTD and hexamine] and on the high resolution
mass spectrometric results where compositions could be determined within 5 ppm of their calculated mass
(see Table 4 on the next page). Upon examining the HMTD decomposition products, it is tempting to suggest
HMTD thermolysis produces a number of small molecular fragments, e.g. CH,0, NH,, CH,NH, or CH(O)NH,
which undergo further reaction, such as an aldehyde-amine condensation. The observed substituted triazine
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species (3.10, 3.11, 3.12) and those containing four nitrogen have been reported to form from hexameth-
ylenetetramine (hexamine) [29-31]. Indeed, hexamine was found when HMTD was decomposed at 60 °C
at 75% or 100% RH or with added water or acidic buffer. Only tetramethylene diperoxide diamine dialde-
hyde (TMDDD) (4.22) (matched to an authentic sample), and the mono aldehyde (3.7) suggested the original
HMTD structure and that HMTD was degraded stepwise.

In examining how HMTD decomposed, we asked how that degradation formed hexamine. Hexamine is made
from ammonia and formaldehyde, and the route is via hexahydro-1,3,5-triazine[21, 32]. The conversion of
hexamine to 2,4,6-cyclotrimethylene-1,3,5-trinitramine (RDX) has been the subject of several studies [33-35].
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Bachman found that performing the nitration of hexamine in acetic anhydride with ammonium nitrate al-
lowed two moles of RDX to be produced rather than one via direct nitration [21]. Using that example we
questioned the stoichiometry in the synthesis of HMTD from hexamine. Under the normal synthetic route as
it is describe in equation 1; our yield, based on hexamine, was not more than 60%. However, if excess form-
aldehyde was added to the reaction mixture, yields of greater than 100% (based on 1 HMTD to 1 hexamine)
were observed (eq 2). If no extra formaldehyde is added, the reaction must wait for the degradation of part
of the hexamine to form formaldehyde (see Fig. 3). Indeed, hexamine is frequently used as a source of form-
aldehyde [31, 36].

CNH, +3H0, > CNH_,O, +2NH, (1)
CNH, +6HO0, +60CH, > 2CNH_O, +6H0 )
ND RO
2
Nﬁ H,0 5 / o H,0 o) NH HN” O NH
/\f\ll/N (:N\/N + H)J\H + C. + N
N +kN) H"H H H N
H
H+

T NH NH H,N3) OH  slow
H(I\]I\ )N"‘_' — 3 ,&IZ\ 2X /(IE\ _— ? :\)C/ ; —_— j?\ + NH3

SN H H H{H H H H”H

H,0

Figure 3: Proposed hexamine decomposition mechanism.

Without acid catalysis, formation of HMTD takes days. Furthermore, the reaction is sensitive to the type and
amount of acid (see Table 5 on the next page). Diprotic and triprotic acids (e.g. sulfuric, phosphoric, and oxal-
ic acids) could be used as direct replacements for citric acid. Monoprotic acids (e.g. acetic acid, trifluoroacetic
acid, formic acid, and nitric acid) gave yields comparable to citric acid only if these acids were added in 2.2
mol acid to 1 mol hexamine ratio. This aspect of the acid effect warrants further examination.

To probe the importance of citric acid in catalyzing the reaction of hexamine with hydrogen peroxide, the
reaction was run without acid. It took 7 days at room temperature, instead of a few hours with citric acid, for
the first HMTD to precipitate. After 9 days, the yield of HMTD (assuming 1:1 molar ratio hexamine: HMTD)
was only ~7%. Other diprotic and triprotic acids (vide supra) were added in 1.1 to 1 molar ratios hexam-
ine: acid. Monoprotic acids gave poor yields (see Table 5 on the next page) if added in 1.1 to 1 molar ratios.
If these (acetic acid, trifluoroacetic acid, formic acid, and nitric acid) were added in a 2.2 to 1 molar ratio
hexamine:acid yields were comparable to those achieved with citric acid. The ratio of hexamine to HMTD
became a point of interest.
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Mol Ratio | Mol Ratio
HMTD Additive of HP Add o vield| mp oy [PEIY bY
Reaction # (48.4wt%): (Citric): GC/MS
Hexamine | Hexamine
5 citric acid 8 1.1:1 44,5 | 149-150 | 87.4
6 citric acid 8 1.1:1 40.7 | 144-145 | 87.1
17 citric acid 8 1.1:1 52.7 | 153-157 | 95.8
14| anhydrous oxalic acid 8 1.1:1 45.0 | 151-153 | 94.4
15(85% o-phosphoric acid 8 1.1:1 26.9 | 149-150 | 91.3
32 50% sulfuric Acid 8 1.1:1 50.5 | 152-158 | 98.2
13 glacial acetic acid 8 1.1:1 7.4 152-153 94.3
30| glacial acetic acid 8 2.2:1 33.1 | 151-156 | 100.0
21|  88% formic Acid 8 1.1:1 6.3 | 154-158 | 94.5
25|  88% formic Acid 8 2.2:1 43.5 | 153-154 | 100.0
22 99% TFA 8 1.1:1 3.3 | 155-159 | 93.3
26 99% TFA 8 2.2:1 53.5 | 153-156 | 99.6
31 70% nitric Acid 8 2.2:1 51.1 | 155-157 | 100.0
Kin. #2 no acid 8 0:1 9.5 | 148-149 | 89.5
Kin. #3 no acid 8 0:1 7.2 | 152-160 | 92.4

Table 5: HMTD reactions with additives with scaled yield of 0.5g.

If HMTD was formed when hexamine breaks into small fragments, then it ought to incorporate carbon and
nitrogen from outside sources. When HMTD was created in a *C formaldehyde solution, the label was ob-
served in both the HMTD (m/z 209, 210, 211, 212, 213) formed and the hexamine (m/z 140, 141, 142, 143,
144) remaining early in the reaction (42min when precipitation was observed in 2 hr) (see Fig. 4 on the next
page). This could be explained by the formation of bis(hydroxymethyl) peroxide (BHMP) and its incorpo-
ration into HMTD. Incorporation of formaldehyde into the hexamine can be explained by looking at the first
step of decomposition of hexamine (see Fig. 5 on the next page). Excess formaldehyde may push this reac-
tion in the reverse direction. However, when HMTD synthesis was performed in the presence of *N labeled
ammonium sulfate, the resulting HMTD, when analyzed by LC-MS, showed little incorporation of the label.
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Figure 4: Mass spectrum of HMTD formed in the presence of 13C-Formaldehyde.
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Figure 5: Formation of HMTD from completely dissociated hexamine.

In contrast to the lack of *N incorporation during HMTD synthesis, it was found that under humid decompo-
sition conditions, the °N label was observed in the decomposition products (4.2, 4.13, 4.14, 4.15) as well as
in hexamine (single, double, triple and quadruple label). Yet, when the same decomposition studies were per-
formed dry, no hexamine was formed and the decomposition products 4.2 and 4.14 showed no label incor-
poration. In the presence of deuterium oxide, the HMTD decomposition products trimethylamine, dimeth-
ylformamide, hexamine, and triazines showed little incorporation of deuterium (m/z 157, 171 etc.). This
suggested that the hydrogen transferred during the decomposition was part of the original HMTD molecule.
In the water surrounding an open vial of HMTD, formic acid was observed. It has previously been suggested
that formaldehyde and hydrogen peroxide form formic acid [38].

A mechanism for HMTD formation was proposed based on data from isotopic ratio mass spectrometry [37].
Because it required the formation of a triperoxy tertiary amine and protonated methylene imine, we looked
for alternative pathways. Tentative proposals are illustrated in Figure 5 and Figure 6 on the next page. In
Figure 5 hexamine is broken into small molecules, and from the formaldehyde/hydrogen peroxide reaction
bis(hydroxymethyl) peroxide (BHMP) is formed, while from the imine/ hydrogen peroxide reaction bis(me-
thylamine) peroxide is formed. The latter reacts with two molecules of BHMP to create HMTD. The mecha-
nism in Figure 6 on the next page also postulates the formation of BHMP but allows HMTD to remain intact
until fairly late in the reaction. Both mechanisms are in line with the fact that the reaction proceeds to HMTD
faster in the presence of excess formaldehyde. The key to both mechanisms is the formation of BHMP, first
synthesized in 1914 by Fenton from hydrogen peroxide and formaldehyde and later studied by Satterfield
[38]. Itis likely this species was generated in situ in the reported syntheses of several caged peroxides having
planar bridgehead nitrogen atoms [39]. Once a methylene is lost from hexamine to form formaldehyde the
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resulting octahydro-1,3,5,7-tetrazocine would be subject to rapid ring inversion and isomerization, which
BHMP can bridge across two nitrogen atoms.
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Figure 6: Formation of HMTD from intact of hexamine.

To distinguish between the mechanisms proposed in Figures 5 and 6, synthesis of HMTD was performed with
a 1:1 mixture of *N hexamine and *N hexamine. If formation of HMTD proceeds through the route shown in
Figure 5, then total scrambling of the label would be expected, i.e. the HMTD product should show the unla-
beled, single-labeled and double-labeled species [M+H], 209 to 210 to 211, in a 1:2:1 ratio. This was observed
(see Fig 7).
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Figure 7: Mass spectrum of HMTD formed from a mixture of N-14 and N-15 labeled hexamine.
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To shed light on how HMTD decomposes, density functional theory (DFT) calculations were performed by
R1-C1 team (see their report or reference 4 in the overview).

B.1.f. Summary/conclusions

Because HMTD is destabilized by water and citric acid, it is important to purify it after initial synthesis. Ig-
noring the degrading effects of acid and humidity can lead to an unexpected violent reaction. Precautions
should be taken to see that HMTD remains dry. The headspace (signature) of HMTD is mainly trimethylamine
(TMA) and dimethylformamide (DMF), and these might be used for canine and other vapor detection training
instead of the more hazardous HMTD. Further work is underway to clarify mechanisms of HMTD decompo-
sition. Studies to date indicate hexamine must break down to form formaldehyde, but the reverse reaction is
only effective in the presence of moisture. Preventing the assembly of formaldehyde into the molecule HMTD
will continue as the ultimate research goal.

B.2. Studies on FOX mixtures

B.2.a. Rationale for study of FOX mixtures

The scientific literature lacks information about fuel-oxidizer mixures; nevertheless, it is an essential first
step to establishing limitations or potentials of individual oxidizers in Fuel Oxidizer Explosives (FOX). This
study is part of an attempt to identify principles related to potential explosivity. This report provides an ex-
tensive survey of the stability and performance of 11 solid oxidizers with 13 fuels from differential scanning
calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition.

B.2.b. Neat Species

Oxidizing power can be assessed in various ways. Intrinsic oxidizing ability, given by standard reduction
potentials in Volts (1M aq solution against standard hydrogen electrode), is one approach to quantifying ox-
idizing power. Standard reduction potentials are listed in Table 6 starting from the left with species having
most positive potential [40]:

H,0,> 10, > MnO, > BrO,>MnO, >ClO, > Cr,0, >ClO, >10, >NO, >NO,
1.8>17-16 >1.7-15 >15-14 > 15 > 15 >14-1.3>1.4-1.2>1.2-1.1>1.0-0.8>-0.46

Table 6: Standard reduction potentials.

Actual potentials depend on the pH of the solution and the final products:
NO, - NO, HNO,, NH,*, NO, 0.96,0.94, 0.87, 0.80 V, respectively

An alternative approach to rating oxidizing power is a burn test. The U.N. Manual of Tests and Criteria rates
an oxidizer by comparing its burn rate in admixture with cellulose (2:3 and 3:7 ratios) to mixtures of potas-
sium bromate/cellulose [41]. Our burn tests used 250mg instead of 30g oxidizer, and sucrose or aluminum
powder instead of cellulose. Fuel-Oxidizer burn rates are shown in Table 7 on the next page.

Thermal stability was assessed via the temperature at peak maximum of the DSC exotherm. The higher the
exotherm temperature, the more thermally stable the species. Some salts decomposed with exclusive endo-
thermic responses (see Table 8 on the following page). Among salts releasing heat (exothermic response),
the amount of heat varied from more than 1000 ]J/g for ammonium salts, which can undergo self-oxidation,
to a few hundred joules per gram for other oxidizers. Thermal traces of the oxidizers alone were not simple;
they included phase change(s), decompositions, and heats of fusion of the decomposition product. In systems
where oxygen was not allowed to escape, the pairs perchlorate/ chlorate [42] and nitrate/nitrite [43] can
establish a psuedo-equilibria (eq 1-2). [44]
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02
KClo, S KCIO, > KCl+1.50, (1)
KNO, 5 KNO, + 0.50, 2)
Table II. Burn time (seconds) ofa 4:1 Oxidizer: Sucrose Mix
Oxidizer KIO, |KMnO, | KBrO, | KCIO; [K,Cr,0,| NH,CIO,| KCIO, | KIO; | KNO; | NH,NO,| KNO,
anion potential IMag. H, OV | 1.7-1.6 | 1.7-1.5 | 15-1.4| 15 | 14-13 | | 1412 1 1.2-1.1 ] 1.0-08 -0.46
I I [
wt % oxygen in oxidizer L 28% ] 25% I 29% | 39% | 16% , 34% , 46% I 22% 40% | 20% | 28%
[Decomp °C 82 oxidizersucrose | 187 | 236 | 186 , 180 | 231 | 484 | sa0 | 182 | 3% | 176 | 212
J/g heat released 1681 1741 1511 | 3195 157 1342 735 939 1108 2084 1777
| | ]
[Burn Test 82 OxidizerAl | KIO, |KMnO, | KBrO; | KCIO; |KyCr,0,| NH,CIO, | KCIO, Klo3 J_KNo3 | NH,NO, | KNO,
[Ave Burn Time by Eye(s) | toofast wofast | toofast | toofast | toofast 43 00 fast | 3.8 _‘ 182 | 25
Std. Dev | toofast | toofast | too fasl—1 too fast | too fast | 1.0 | too fast | 0.6
Ave Peak Light Signal Thor Lab (mv) | 2564 | 2360 1 1113 | 1129 | 140 |, 144 = 2736 | - - -
Sd. Dev 32 | 297 [ 437 286 | "4 _| 73 _| R - - = = L
! I bright | bright bright flash, I
Notes bright flash [bright flash | flash flash |bright flash | strobes |bright flash | bubbled ; bubbled bubbled | bubbled
[Burn Test 8:2 Oxidizer:Sucrose | @LP(Mno KBrO, |_Clo3 KZCr207 | NH,CIO, | KClo4 KIo3 NO; | NH,NO, KNo2
Ave Burn Time by Eye (s) too fast t0o fas 4.6 18 1
sm_Dev_____1_ [ 03 04 "_17 |_0,8 1_04 | 04
Ave Peak Light Signal Thor Lab (mV) X 56 I 2s | 346 04 | - 3 i [ 32
Std. Dev. ™ | 1 % T 9§ 43—| — —| — _| _4 — T _'_ ]_
purple | orange | purple purple | charring, purple | charring, | charring, | dim yullow I
Notes flickering | flame | flame flame | no flame |ycllow l'lamc| flame | no flame , no flame J flame ycllow flame
[Burn Test 5:5 Oxidicer:Sucrose _LK104 KMnO, KBrM KC]O KZCrzoﬂH4c1o KClO4 KIO, | KNO, | NH4NO3| KNO,
AveBum Timeby Eye(s) 31 | 104 | wofast 15.9 QH ()9_]_ 214 26
Std Dev T 05 | 20 | wofast 08 —l_ 7 [ 12 ]_1 1 42 0.1
Ave Peak L1g1t Slglal Thor Lab (mV) | 430 | 128 | - | 10 | 43
[Std. Dev e _7 + i 4 - T T 13 _f '|— l_
I 1o light, | dim yellowl purple | purple | dim yellowI dim yellow | dim ye]]owldlm yellow dim yellow | no light, | dim yellow
[Notes Iblack snake flame flame flame flame flame flame flame flame black snake | flame
[Bum Test 82 Onidiver EZOLACM KIO, +KMno4l<Brog ILC](LLKZCrZCLLNH4ClO4 KClO KIO3 %NO; NH,NO, ‘7KN07
Ave Burn Time by Eye (s) mu fast 16 0 28.7
Std. Dev \00 fasr ) —i— "_ 0 |
Ave Peak Light Signal Thor Lab (mV) L 1413 147 2228 | | 762 | % | 2 J_ 737 221 | 91 | 14 | 160
ST Dev 35T 228 To4 [ 304 B E S S S
| Bright | | |
orange bright | yellow | yellow |br1ght yellow' white orange yellow
Notes bright flash | flame | flash flame flame flame white ﬂamel flickering | flame | flickering 'orange flame

Table 7: FOX burn rates.

Ammonium perchlorate (AP, NH,Cl0,) did not melt but exhibited an endotherm around 245°C (~70]/g) as a

result of an orthorhombic to ¢

ubic phase change. [Ammonium chlorate is thermally unstable and has been

reported to spontaneously ignite at temperatures as low as 100°C [45]; for this reason it was not used in this
study.] Early in the study it was noted that thermal traces obtained from sealed DSC ampules did not neces-
sarily match those obtained from the open SDT samples (see Fig. 8 on the next page). (An advantage of SDT
was that it allowed scanning to higher temperatures. However, since the ampules were not sealed, thermal
traces differed markedly from sealed DSC thermal analyses when decomposition products or moisture vola-

tilized.)

All the fuels, except charcoal and aluminum, melted below 208°C; some showed exothermic decomposition
especially when heated under air. Endothermic and exothermc temperature miniuma or maxima, onset tem-
peratures for exotherm, and heat release as found by DSC (scan 20°/min) are shown in Table 8 on the follow-

ing page.
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Figure 8: Ammonium Perchlorate DSC (left) vs SDT (right).
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B.2.c. Oxidizer/fuel mixtures

Several kinetic and mechanistic studies exist that have examined the oxidization of alcohols by iodate and pe-
riodate [46-49], bromate [50, 51], chlorate and perchlorate [52, 53], permanganate [54-56], and dichromate
[57] (see Table 9). Most of the oxidizers (KIO,, KMnO,, KBrO,, KCIO,, K,Cr,07, KIO,, AN, KNO,) reacted with
the sugars immediately after the sugar melt, and a large exotherm was observed, as can be seen in Figure 9
(DSC thermogram of KIO, mixed with 50wt% sucrose). This behavior was observed regardless whether the
sugar was a disaccharide, i.e. sucrose and lactose, or a monosaccharride, i.e. glucose and fructose (see Figs.
10 and 11 on the next page).

Oxidizer ! § Products ! Reference
KBrO, i propan-2-ol i acetone i19
KCIO, i Sucrose i21
KClO, i Lactose i20
KCIO, i Sucrose i21
KIO, | pea cannery waste 25
i diacetyl, diisobutyryl, benzil, camphorqui- : i
KIO, i none  iodate, carboxylic acid i 26
KMnO, ! fructose, glucose, galactose, maltose, sucrose | formlc acid & Iower ‘sugars i23
NalO, i dextran (an anhydroglucose polymer) formlc acid § 27
NalO, i salicyl alcohol dlmer oflntermedlate via Diels- Alder 28
NalO, i Glucose HCO H, HCHO, 10, {16
NalO, i crystalline cellulose dlaldehyde i29
NalO, i glucose, ethylene glycol ___i_f_ormaldehyde 30
NalO, Cellulose i dialdehyde 31
NalO, Catechol i o-benzoquinone 32
Table 9: Oxidation products of some alcohols.
Sample: Mix 76 DSC selOxidizeMixesiMix76_DSC_5 001 Sample: Mix 65a Dsc File: C:.. \FuelOxidizerMixes\Mix65a_DSC_4.001
I?I;:JE UZF“SSI x3Mab00_ 3 Rus Qi’!sy—ZDM 15:08 f:i‘;;oz‘z;gt&?amm 3 ::::rl;:;:'\:gr[ﬂlaiay72m4 12:57
Comment: 80% Potassium Periadate & 20% Sucrose Instrument: DSC Q100 V2.9 Build 203 Comment; 50% Potassium Penodate & 50% Sucrose Instrument: DSG Q100 V9.9 Build 303
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Figure 9: KIO4 with 50wt% Sucrose (left) and with 20wt% Sucrose (right).
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Figure 10: KCIO3 + 50wt% disacchari

de: sucrose (left) & lactose (right).
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Figure 11: KCIO3 + 50wt% monosaccharride: glucose (left) & fructose (right).

The majority of oxidizers reacted immediately after the melt of the sugar suggesting that molten sugars can
solublize, mobilizing the oxidizer and promoting reactions. We labeled these oxidizers “sugar-controlled.” A
detailed examination of the reaction between KCIO, and lactose noted the importance of liquid lactose and
its solubilization of the chlorate; it also noted no disporportionation into perchlorate [52, 53]. For three
oxidizers, this general trend with sugars was not observed. These oxidizers may have exhibited a small exo-
therm immediately after the sugar melt, but the majority of the exothermic reaction only occurred after the
oxidizer underwent a melt, phase change, or decomposition; we labeled them “oxidizer-controlled.” The two
resistant anions were perchlorate and nitrate, but for the latter, nitrate, only the potassium salt failed to react
immediately after the sugar melt. Ammonium nitrate melted in the same range as the sugars; thus, it was
difficult to determine which melt had triggered the reaction. Figures 12 and 13 on the next page suggest this
counter-trend exhibited by potassium nitrate was true regardless of the type of sugar.
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Figure 12: KNO3 + 50wt% disaccharide: sucrose (left) & lactose (right).
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Figure 13: KNO3 + 50wt% monosaccharride: glucose (left) & fructose (right).

Generally, the thermograms did not change drastically in appearance when 20wt% rather than 50wt% su-
crose was used (see Fig. 10 on the previous page).

With AN and the sugars, it was difficult to assign the decomposition trigger since both the sugars and AN
both melted in the 150 to 170°C range. With the higher level of sucrose (50wt%), the main exotherm was ob-
served around 180°C, while with sucrose closer to stoichiometric (20%), large exotherms were observed at
170 and 340°C, with the latter at the normal decomposition temperature of AN (see Fig. 14 on the next page).
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Figure 14: AN + 50wt% sucrose (left) & 20wt% sucrose (right).

The heat released from the oxidizers with 20wt% sucrose was comparable (~1400 J/g) to the heat released
with 50wt% sucrose (see Table 10). There was a large deviation in observed heat released (+25%) run to run
which we have attributed to the slow response of the DSC thermocouples. K,Cr,0, fuel mixtures were notably
low in energy release, averaging less than a tenth of the other fuel/oxidizer mixtures.

| Kio4 |Kwmno4' kBros) kcios [kecro7] AP | kaios ! kios [kno3; AN [knod

T
exotherm J/g 94 | 142 | 217 ' 465 | | 1233 | 203 1407 | soT
_I T + _L 1 | T _|_ _I_ _l 1
Sucrose 2054 , 1064 | 1110 | 2037 | 2253 | 1125 | 1243 | 1016 | 2092 1281
Sucrose 20% 1805 , 1798 | 1718 | 2001 , 102 | 1357 , 869 | 838 | 681 | 1703 1689

Fructose | 1620 | 1222 | 1317 ‘ _ 2296 115 1638 993 | 1442 | 596 | 2652 | 987 |

| not
1877 | seen 354 seen ‘

Lactose | ‘ 1597 | 696 | 1480 | |
Glucose | | | ‘ 2688 | |697 | 2277 |

| e |2 | 2110
Pentaerythritol 1427 | 2058 1638 | 2118
Erythritol | 1140 | 1702 ‘ 2272 | 129, 3822 | 573 | 871 |2438| 1758|1009}

Cyclododecanol 790 | 768 ‘ 876 1129 ‘ 256

2353 | 2360 815 ‘

| 1747

surfur 1612 2299 (1054 [ 2328 2094
ended
|naphthalene 1205 1779 | past 500 68 1527 ' seen ? 829

1339 835 ?

i

|benzoic acid 20% 1500

3648 ‘ 138 2400 | seen |, 476 ? 1879

charcoal 4' 600 | 792 4 1585 | 156 | 1718 ' 1172 | 300 |1361| 1607 ' 625
‘t» 38,

Aluminum 20% all SDT | 170 ' 726 | 454 |1499 psc 1600 800 490 1300 640 2400

Average allfuel - Al 1452| 1331 [ 1235 © 2011 | 136 [ 2038 | 1057 [ 978 '1131 1892 |1281

Table 10: Heat released (J/g) below 5000C from oxidizer/fuel mixes.

Since there was not much differentiation among the sugars, we chose to examine a more diverse group of
alcohols: erythritol (mp 122°C), pentaerythritol (mp 190°C), and cyclododecanol (mp 78°C). Only two oxidiz-
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ers with erythritol (KMnO, and KIO,) showed immediate decomposition after the melt of erythritol, although
all the “sugar-controlled “oxidizers except K,Cr,0, decomposed at lower temperatures than their own phase
changes or decomposition point (see Figs. 15 and 16). Dichromate reactions were notable for their lack of
heat produced (see Table 10), and because the reaction with erythritol occurred after the melt of dichromate.
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Figure 15: KMnO4 + erythritol. Figure 16: K2Cr207 + erythritol.

Four oxidizers were heated with pentaerythritol. KC10, and KBrO,, which had been labeled “sugar-controlled”,
remained triggered by the fuel, while KNO, remained oxidizer controlled. AN, which with the four sugars ex-
hibited an exotherm around 170°C, did not react with the melt of pentaerythritol (PE) at 190°C. Instead it
began to release heat around 260°C, a phase change for PE. In some thermograms that exotherm was the only
peak; in others a second peak was observed at the normal decomposition temperature of AN (see Fig. 17).
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Figure 17: Two examples of AN + 50wt% pentaerythritol.

Cyclododecanol had a melting point lower than the other alcohols, but as a mono-alcohol it appeared to have
little ability to solvate the oxidizers. A few oxidizers, KC10, and KNO,, showed no reaction with cyclododeca-
nol when monitored up to 500°C.

In an attempt to examine samples which did not exhibit heat releases below the 500°C cut off for DSC, many
samples were also examined on the SDT. Because the SDT was designed to allow monitoring of weight loss
and heat flow simultaneously, samples are scanned unsealed. This proved to be a dilemma. In some cases exo-
thermic events appeared as endothermic events; the classic example is a scan of an unsealed sample of AN.
When not contained in a sealed ampoule, AN will show an endotherm around its 300°C decomposition rather
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than the actual exotherm (see Fig. 18). Occassionally the exothermic event was only partially countered by
the endothermic evaporation of the reactant or products; in such cases the exotherm was observed, but heat
release was significantly lower than it would have been in a sealed sample. Therefore, whenever possible,
sealed samples were examined by DSC. To date we have found no satisfactory method for sealing DSC sam-
ples that remains gas tight over 550°C.

iumr:pk. ’:‘rrnlur;'un Mitrasle DSC g.::p;g:rrén 1 Nitmate DSC’TGA ;L:‘;D PPI‘I‘;DF(‘]K'Ammnrlum Mitraie_SDT_3a0
\
L‘:—:r?—:r:‘A’;Lb:w:f::‘\,rlefrnr TE0 mnn W q ilmd and l"“;';\:";r: L0-700 I?lZs'\ Ammonium Mitrete I-:::Ir.?r:;l‘;‘:TEEEU‘V%%EI‘:WIIG 0
20 0 120
e
in
;,’ I| ——— a0

i ) y
i | ) | s
{ /
B 07 / ‘l SUTLE | /
E | 1 1zeseg st poc - B
g Jl N 1 | O lasc B4 L #
T 4 =
T 15.47C | ‘||I - 5ars : H
i I ol
L / Il—v‘( L 18
» e f| N !
ur 4G N, = L
] LR
Fra
aaz 20 P
04 |
X g &7 4
BAC mamc s g
54350 3R OGN R RR L) - _
{ e -
& e L A Y
0 160 20y ) 40 A -0 r ,
Eale Temperatura (°C) Ui 5 7 T Insh e 0o 200 400 00 adin o 1000
Forly Temperatura [°C) Urdwranl e, 4, T2 Inctmamuni

Figure 18: Ammonium nitrate in sealed DSC cell (left) vs. in open SDT cell (right).

To examine fuels other than alcohols, naphthalene, benzoic acid, charcoal, sulfur and aluminum were added
to the study. Sulfur has long been used in energetic formulations [58, 59]. It exists as a number of allotropes
[60]. With neat sulfur we observed two, sometimes three endotherms between 107 and 120°C, assigned to
phase change and melting; there was also a small endotherm around 180°C. The oxidizers that were initiated
by the sugar melt also showed exothermic decomposition with sulfur beginning around 180°C. A common
characteristic of this exothermic decomposition was slow heat release rising to a recognizable exotherm (see
Fig. 19). The same three oxidizers classified as oxidizer-controlled did not show an exotherm with sulfur
until higher temperatures (see Fig. 20).
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Figure 19: KMnO4 + 50wt% Sulfur. Figure 20: KCIO4 + 50wt% Sulfur.

Table 11 on the next page records the temperature at which the exotherms were first observed to rise above
the baseline (ramp rate of 20°/min). These temperatures were different than those recorded in Table 8,
which tabulates the onset temperatures of the exothermic peaks as calculated by the TA Universal Analysis
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software. As can be seen from the traces in Figures 21 and 22, when DSC exotherms are very broad, onset
temperatures are often misleading. For example, when KBrO, is mixed with naphthalene (see Fig. 21), the
difference between the onset and first deviation from baseline is notlarge (~30°), but for KIO, and sulfur (see
Fig. 22) the difference between onset and deviation is huge (~160°). (Note that trace shown in Figure 22 is
typical for sulfur mixtures.)

KIO4_ll<NM'KBrOSIKCIOSI kocr207 | AP kcioa | ko3 knos | AN | kno2
Oxidizer phase change | 543 | (2401, 415 | 358 | 402 | 248 [ 307,613 | [132,331,128,167]45, 419]
Oxidizer decomposition _3&|ﬂ ’izs ' 474_|_ 359_|_ 630 | , 555 | 703 | 254 510 |

endo |

Sucrose 185,238 | 148 | 104 ' 179 | 167 224 263 443 150 | 372 | 142 204
Pentaerythritol 211 209 242
_Eryth_ritol— 122,_297_ 92 3 | 258 3135 503 | 141 ZL_ZM_
Surfur 107,119, _1& E L 149 391 428 169 294 | 172 189
Cyclododecanol |78 185, 251| 196 ' 379 | 397 | 321 323 414 NR<500|
C_ycloﬂecaﬁl ] 334 _|_ _l_ 264_L L _|_ _l_ )
Naphthalene |80 | 255 GSE 397 420 ' 356 600 | 600 1_79
[Benzoic acid 20% (121 ﬁg 123 | 355 | 189 | 381 393 | _395 403 | NR<500| 270 NR<500
(Charcoal | 344 ' 2m7 soo_L 397 353 | 470 436 | 409 ' 203 | 346 |
Al (20%) 660 830? ]7750—,?50?—'_364 . 902 563 8307 | 747 ]7846 679
A | 339 | 280 ; 419 | | 280 581 | 291 |

Table 11: Temperature at which principle exotherm is first observed (oC).
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Figure 21: KBrO3 + 50wt% naphthalene. Figure 22: KIO3 + 50wt% Sulfur.

Obviously, the temperature at which an oxidizer/fuel mixture begins to react depends on both the suscep-
tibility of the fuel to oxidation and the oxidizer’s tendency to reduce. In comparing the carbonaous fuels,
cyclododecanol, naphthalene, benzoic acid and charcoal, we had hoped to see a reactivity trend across all
oxidizers, and, indeed, the following trend in the initiation temperature of the decomposition exotherm was
observed with over half the oxidizers:

benzoic acid < cyclododecanol < charcoal < napththalene

[t was also observed that with fuels other than aluminum, ammonium perchlorate mixtures decomposed at
lower temperatures than those with potasssium perchlorate.

Aluminum, which has been used as a fuel in mixtures with ammonium nitrate and perchlorate, was used as
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the highest melting fuel. With two exceptions, the oxidizers decomposed long before the aluminum reacted,
and aluminum did not react until over 800°C (see Figs. 23 and 24 on the next page). In two cases (KClO,, KNO,)
the exotherm appeared at significantly lower temperatures indicating they react readily with the aluminum
(see Figs. 25 and 26). All the oxidizer/Al samples were examined by SDT, and a few were also examined by
DSC. The low temperature exotherm observed for KIO, was its conversion into KIO,. The low temperature
(i.e. under 800°C) exotherms recorded for other oxidzers reflect the decomposition of the oxidizer.

Sample: 70-20 KMnO4-Al N/Amesh-23um DSC-TGA File: C:...\70-30 KMnO4-Al mesh-23um 1.001 Sample: 70-30 KNO3-Al N/Amesh-23um DSC-TGA File: C170-30 KNOZ-Al mesh-23um 1.001
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Figure 23: KMnO4 + 20wt% Aluminum. Figure 24: KNO3 + 20wt% Aluminum.
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Figure 25: KNO2 + 20wt% Aluminum. Figure 26: KCIO3 + 20wt% Aluminum.

B.2.d. Summary of FOX studies

Neat oxidizers appeared to undergo decomposition roughly in line with standard reduction potentials (Table
1 and 2) [40]. Most oxidizers produced some heat when decomposed without fuel, but it was a few hundreds
of joules per gram compared to 1500 to 3000 J/g when decomposed with fuel. The exceptions, of course,
were the ammonium salts which produce 1000 to 1500 ] /g without fuel and double that with fuel. The oxides
of chlorine released the most heat, which is in line with the general trend that the larger the electronegative
difference between oxygen and the central element, the more stable the oxy-halide. When anions containing
the same central atom are compared, the order of stability is attributed to the degree of pi-bonding in each
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species: Cl0, > ClO, and NO, / NO," [42, 61]. Between the oxo-chlorine or oxo-nitrogen species, perchlorate
and nitrate are more stable and less sensitive than the less highly oxidized chlorate and nitrite.

A survey of the stability and performance of eleven solid oxidizers and thirteen fuels was performed by dif-
ferential scanning calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition. Su-
gars, alcohols, hydrocarbons, benzoic acid, sulfur, charcoal, and aluminum were used as fuels; all fuels except
charcoal and aluminum melted at or below 200°C. When fuels were added to the oxidizer, the phase changes
of the individual oxidizers and fuels were often still observed. Most of the fuels were added at the 50wt%
level, but thermograms of 20wt% sucrose were examined and shown to be very similar to 50wt% sucrose
in terms of appearance and heat release. Variations in terms of appearance and heat release were observed
among runs of a sample; this was attributed to inhomogeneity in the tiny samples and variation in particle
size [62-65]. DSC heat release values had standard deviations of over 25%; some variability may have been
due to poor mixing; however, in the past we have found that even neat ammonium nitrate exhibited 15%
variation in heat release. We suspect that with energetic materials it is difficult for the DSC thermocouples
to accurately track fast release of heat. Experimentally, it was found that differences in DSC and SDT traces
appeared to be related to the ability of reactants/products to vaporize in the open or lightly capped SDT
containers.

We found that a phase change in the fuel or a phase change or decomposition of the oxidizer was typically the
trigger that caused a reaction between the oxidizer and the fuel, and have therefore classified the reactions
as fuel-controlled or oxidizer-controlled. With the exception of charcoal and aluminum, all fuels used in the
study melted below 200°C. The melt or phase change of the sugars or sulfur triggered the reaction to pro-
ceed with most of the oxidizers. Three oxidizers, KNO,, KCIO,, and NH,CIO,, most often triggered their own
reaction, and typically exhibited the highest reaction temperatures, i.e. above 400°C, regardless of the fuel.
With the exception of the oxidizers triggered to react by the phase changes of the polyols (i.e. sugars) and
sulfur and all oxidizer/aluminum mixes, the oxidizer/fuel mixtures generally decomposed between 230°C
and 300°C.

In terms of heat release, potassium dichromate/fuel mixtures were the least energetic, generally releasing
less than 200 J/g. Most of the mixtures released 1000 to 1500 ]J/g, with potassium chlorate, ammonium per-
chlorate, and ammonium nitrate releasing significantly more heat, around 2000 |J/g. When the fuel was alu-
minum most of the oxidizers decomposed below 500°C leaving the aluminum to oxidize at over 800°C. Only
two oxidizers reduced the temperature of the aluminium exotherm—chlorate and potassium nitrite. No fuel
stood out as clearly the ‘best,” in terms of releasing the most heat; they averaged 1500 ]J/g by DSC analysis.

Response to hot-wire ignition was assessed by the length of the burn and the light output. Table 2 orders the
oxidizers left to right as highest oxidizing power to lowest in terms of electromotive potential. This trend is
roughly followed by thermal stability. Light output, when the fuel was sucrose, did not show a clear trend.
However, when the fuel was aluminium, the trend was roughly followed. Work continues on these correla-
tions.

C. Major Contributions

In April 2015, we were thanked by a National Institute of Standards & Technology (NIST) senior scientist for
allowing them to use our database of explosive properties. They stated: “It was all we had, in many cases.”
This is high praise from an organization which maintains the “Chemistry Webbook.” In the past, we have also
received similar acclaim from military labs, both in CONUS and OCONUS. Other outreach of our information
occurs by publication.

Contributions include:

¢ Baseline information about chemical properties and reactivity.

¢ Identifying the hazards of humidity to HMTD.
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¢ Formation mechanism of HMTD; the limitations of certain oxidizers in terms of terrorist use.
e Gentle destruction methods for HMTD.

We have characterized the headspace over HMTD; the amount of HMTD in the vapor is less than parts-per-
trillion. The odor associated with HMTD is due to amine decomposition products. Thus, the amine decompo-
sition products can be used to generate the odor, making canine training aids from non-explosive components
feasible. In contrast to historic reports [27], HMTD should not be stored under water. It rapidly decomposes
in the presence of moisture.

HMTD is so thermally unstable that it can decompose in weeks if held at 60°C; in one week, if the humidity is
high. This is in strong contrast to all military explosives and most HMEs. A number of decomposition and for-
mation experiments have been performed with HMTD (see section V.A). Most notable were the studies using
isotopically labeled species. Among those, the examination of the formation of HMTD using hexamine labeled
with ®N as well as unlabeled N hexamine suggested that the formation of HMTD might be accomplished
from any source of formaldehyde. While this is not necessarily good news for the forces of counterterrorism,
at least it helps define the range of the problem.

A dozen FOX mixtures have been examined via both DSC and SDT and, for a few, burn characteristics were
determined. This is the start of an initiative to determine the range of the threat in terms of oxidizers for use
in FOX explosives. Materials, such as dichromate, appear to have little energy to contribute to an explosion,
but other properties are being explored.

D. Milestones

Studies suggest that thwarting the synthesis of HMTD will be challenging. Further mechanistic studies are
underway in order to devise the best approach to this problem.

We believe that, ultimately, detonation testing, albeit on the small-scale (see project R1-B.1), will be nec-
essary to prove whether or not a formulation is detonable, but we also believe that aspects of laboratory
characterization can suggest the final outcome. It would be a useful contribution to the counterterrorism
community to determine these characteristics.

E. Future Plans

Greater understanding of HMTD formation and destruction remains the primary goal. Secondary milestones
are to prevent its formation and to gently destroy it. Field work continues in an attempt to determine hazards
associated with proposed methods of destruction. Work on safe, long-lived canine training aids for HMTD is
making progress.

Thermal properties of FOX mixtures have been characterized. Yet, energy release alone does not appear to
separate potential explosive precursors from other oxidizers; thus, the characterizations of gas release and
rate of reaction (see project R1-B.1) are planned. A new method of assessing oxidizing power is being ex-
plored as well as the link between behaviors that can be observed in the lab and field performance.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

An explosive analysis class entitled “Advanced Studies in Explosives” was offered for the first time in spring
of 2015 with 15 graduate students in attendance.

In May 2015, a hands-on course entitled “Explosives Analysis” was offered for the first time; six members of
the HSE came to URI to attend.
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Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).

Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015.

Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people) (see
Table 12).

Nc.aw.or Course/Module/ Description Student
Existing Degree/Cert. Enrollment

New Certificate Explosive Analysis Lab Analysis of Explosives 6*

New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock | 15

Existing Certificate Pyrotechnics Raytheon K-Tech ABQ 12

Existing Certificate Fundamentals Fundamentals - Alcoa 12

Existing Certificate Air Blast Air Blast - Huntsville 14

Existing Certificate Materials Characterization | Picatinny 14

Existing Certificate Fundamentals TSIF Fundamentals 50

Existing Certificate Fundamentals Fundamentals Eglin 28

Existing Certificate Fundamentals URI Fundamentals 32

Existing Certificate Air Blast Air Blast - LANL 15

Existing Certificate Materials Characterization | Materials Characterizations - Navy |18

Existing Certificate Stability, Compatibility Stability, Compatibility - Navy 18

* Included DHS personnel
Table 12: Courses offered in Year 2.

Al Invited lectures

¢ Thermal Stability and Chemistry of Difficult Energetic Materials”, New Trends in Research Energetic Ma-
terials; Pardubice, CZ, April 11, 2015.

¢ JANNAF December 10, 2014, Academic Research to Real Life Application, ABQ.
e 7™ Annual CBRNe Convergence, Oct 28-30, 2014, New York, NY, tutorial to first responders.

e Recognizing Improvised Drug vs Explosive Labs, 23" Annual Haz-Mat Training Conf. September 18, 2014,
Plymouth, MA, tutorial to first responders.

B. Student Internship, Job or Research Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Under-
graduates are also supported on the projects as their class schedules permit. A newly minted PhD from our
group, Dr. Jon Canino, accepted a position at Signature Science and is working at the Transportation Security
Laboratory (TSL) in New Jersey.

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical
magic shows at K-12 schools. High school teachers conduct research in URI labs for 8 to 10 weeks under the
mentorship of a graduate student. As a result, 2 teachers have gone back to seek advanced degrees.

94



Appendix A: Project Reports
ALERT Thrust R1: Characterization & Elimination of lllicit Explosives
Phase 2 Year 2 Annual Report Project R1-A.1

In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for
several weeks. For the summer of 2014, we also hosted a professor from Tuskegee University and one of her
students. In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer. An air force em-
ployee will be placed at URI to begin work on a master’s degree, which involves conducting ALERT research,
in fall 2015.

D. Training to Professionals or Others

We trained 110 TSS-Es in five classes and approximately 230 other people involved in the HSE in 12 classes,
one of which was created to meet the needs of the U.S. Army forensic laboratory.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

e R1-A.1 addresses the characterization of HMEs. Metrics include:

0 Downloads of our papers;

0 Users of the explosive database; and
0 Requests to license the database.

0 Requests for classes

¢ R1-A.1 addresses safe samples of explosives. Metrics include:

0 Requests from explosive trace detection (ETD) instrument vendors for the scent product. Product is
currently provided for free and we are under licensing negotiations;

0 Requests to license the product; and

0 A $10,000 award for this technology in student innovation contest April 2014.

¢ R1-A.1 addresses the safe disposal of explosives.

¢ R1-A.1 addresses the sampling of explosives and a new DHS award in this area is in the process of being
awarded.

B. Potential for Transition

¢ R1-A.1 addresses the characterization of HMEs. We receive requests to license the database.

¢ R1-A.1 addresses safe samples of explosive. We receive requests to license our safe source of explosive
vapor.

e R1-A.1 addresses the sampling of explosives. We received a DHS BAA award with transition partners,
FLIR and DSA.

C. Data and/or IP Acquisition Strategy

This is ongoing and will continue.

D. Transition Pathway

¢ R1-A.1 addresses the characterization of HMEs. There are requests to license the database; however, we
are considering whether this would remove the present control we have on who can access the database.

e R1-A.1 addresses safe samples of explosive. We have received requests to license the product and are
working with potential vendor, although the product is presently available for free to those requesting it.
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¢ R1-A.1 has aligned with potential vendors, FLIR and DSA, for transitioning new sampling techniques.

E.

Transition Partner Connections

There is a substantial interest associated with the Explosives Database. U.S. subscribers to the Explosives
Database include Coast Guard, ATE, DHS, TSA, DOT, NIST, NASA, most national labs (LANL, SNL, PNNL, BNL
Savannah River, Oak Ridge) and various army, navy and air force laboratories in the CONUS and OCONUS.

V. PROJECT DOCUMENTATION
A. Peer Reviewed Journal Articles

1. Colizza, Kevin M Porter, J. Smith, ]. Oxley “Gas Phase Reactions of Alcohols with Hexamethylene
triperoxide diamine (HMTD) under Atmospheric Pressure Chemical lonization Conditions” Rapid
Communications in Mass Spectrometry, December 2014, 29(1), 74 10.1002 /rcm.7084

2. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381. 10.1615/Int]JEnergeticMateri-
alsChemProp.2014011493

3. Oxley, ].; Smith, ].; Donnelly, M.; Porter, M. “Fuel-Oxidizer Mixtures: Their Stabilities and Burn Cha-
racteristics; International Journal of Energetic Materials and Chemical Propulsion 2014, 13(6): 517-
558.10.1007/s10973-015-4589-x (] Therm Anal Calorim)

4. Oxley, ].C.; Smith, ].L.; Canino, ].N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic
Materials; 2015, 33(3), 215-228.10.1080/07370652.2014.985857

Pending-

1. Oxley, J.C.; Smith, ].L.; Porter, M.; Colizza, K.; McLennan, L. ; Zeire, Y.; Kosloff, R.; Dubikova, F. “Syn-
thesis and Degradation of Hexamethylene triperoxide diamine (HMTD)” submitted to Propellants,
Explosives, Pyrotechnics.

2. Oxley, ].C.; Smith, ].C.; Swanson, D.; Kagan, G. “Adhesion Forces of Energetic Materials on Polymer
Surfaces, submitted to Propellants, Explosives, Pyrotechnics.

B. Other Conference Proceedings

1. Donnelly (presenter) with ] Oxley; ] Smith; M. Porter, Fuel-Oxidizers Mixtures: Their Stabilities and
Burn Characteristics, North American Thermal Analysis Society; 2014.

2. Smith, ]J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015.

C. Other Presentations
1. Seminars
a. Devon Swanson (presenter) with ] Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-
rials on Polymer Surfaces” Trace Explosive Detection April 2015; Pittsburgh
b. Maria Donnelly, “Fuel-Oxidizer Mixtures: Evaluating the Hazard Potential,” North American
Thermal Analysis Society, Oct 2014.
2. Poster Sessions—for ALERT events
3. Short Courses-listed under education
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Student Theses or Dissertations

1. PhD Chemistry: Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry: Maria Donnelly May 2015 Thermal Stability & Sensitivity of Energetic Formulations

New and Existing Courses Developed and Student Enrollment

See table in section III.A.

Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel

b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working
Group (IEXTRAWG)

2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India
in review at Dept of State.

b. We have been asked to support Brookhaven National Lab is some of their international outreach.
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R1-B.1: Metrics for Explosivity, Inerting
& Compatibility
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Name Title Institution Email
Jimmie Oxley Co-PI URI joxley@uri.edu
Jim Smith Co-PI URI jsmith@chm.uri.edu
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Ryan Rettinger PhD URI 5/2016
Matt Porter PhD URI 5/2017
Tailor Busbee PhD URI 5/2020
Devon Swanson PhD URI 5/2017
Maria Donnelly PhD URI 5/2015
Jon Canino PhD URI 12/2014

IL PROJECT DESCRIPTION

A. Overview and Significance

Determining if a material or formulation is detonable and determining if an adulterant has inerted a deton-
able material are extremely difficult problems that cannot be properly addressed unless better metrics are
developed. That development is the goal of this project. Because the potential matrix of threatening com-
binations of fuels and oxidizers is large, we seek to determine the characteristics required for detonability;
bounding the problem in terms of oxidizer and its ratio with each fuel. In the laboratory, we probe character-
istics such as heat and gas release, and a full suite of chemical, thermal and sensitivity analyses to correlate
to larger scale detonation performance tests. A method which can successfully determine what formulations
are potentially detonable would also reveal if “inerting” of an explosive had successfully made it non-deton-
able or just “safer”. Either question, what is potentially detonable and if adulteration has achieved non-deton-
ability, currently requires very large-scale testing or a reliable small-scale test. The goal of the R1-B projects
is development of the latter-a reliable small-scale test which screens large scale threat combinations quickly
and inexpensively. We have taken here a number of approaches to this problem. They are discussed below.

Approach 1: How well an explosive functions is highly dependent on bulk properties, e.g. density, lattice
structure, but whether a chemical can detonate at all, requires that the molecule have certain molecular fea-
tures. To be an explosive, the molecule must be able to react with chemistry that produces heat and gas; and
this must happen rapidly enough that the detonation front is supported by the energy release. Examination of
the atoms making up the molecule allows prediction of whether heat and gas can be produced. This aspect of
the molecule is being investigated under Approach 1 with full details as referenced in paper [1] and in R1-A.1.
The thermal and burn behaviors of 11 solid oxidizers and combinations of 13 fuels were determined; burn
rate was found to roughly correlate with standard reduction potentials. The thermal studies highlighted the
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importance of a melt or phase change of one component of the formulation in triggering the reaction. These
studies also indicated that the choice in oxidizer, outweighed the choice in fuel, in determining the total en-
ergy released. These exciting observations are the first steps in finding behaviors observed on the milligram
scale that may correlate with detonability measured on the kilogram scale. Figure 1 is a plot of temperature
of decomposition vs heat of decomposition [2, 3]. The fact that explosives clearly group in a different region
than non-explosives suggests we can use thermal analysis of small samples as one metric to rate detonability.
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Figure 1: Plotting DSC (differential scanning calorimetric) response for peroxides (green diamonds), high explosives
(blue square), dinitroarenes (red circles) and various energetic salts (pink triangles).

The critical question of whether the reaction can happen fast enough to support detonation is usually found
experimentally. Other approaches in this project are examining the reaction that may or may not support
steady detonation.

Approach 2 is looking at one of the fundamental molecular properties--dissociation energies during gas
phase ion impact with an inert gas. By examining a variety of explosive and non-explosive compounds in an
ion-trap or a triple-quadrupole mass spectrometer, a correlation may be observed between ease of fragmen-
tation from the energy input required and the rank order of detonability.

In the past researchers developed a method for mass spectrometeric (MS) applications which was termed
survival yield. The basicidea behind it was to supply enough energy to the molecule to see when only 50% of
it was left over and the rest was gone due to fragmentation [4]. Recently, with the advent of new technologies
and the progress in MS field resulted in reviving of this application as a proof of a concept for established
ionization methods such as desorption electrospray ionization (DESI)[5, 6], electrospray ionization (ESI)[7,
8], and the newly developed accessories (mainly ionization probes) such as laser electrospray MS (LEMS)
[9]. However, most of these applications are being performed on very simple molecules termed thermometer
ions [10], which in the process produce only one or two fragments that can be easily identified and analyzed.
Unfortunately, for most compounds (including virtually all energetic materials), this is not the case. Usually
an array of fragments is formed; some cannot even be accounted for because of the constraints of the instru-
ment, itself. Therefore, a new method must be developed which still has similar basis of the survival yield
approach, but accounts for its limitations.

The concept is to produce and isolate ions of individual molecules within either an ion trap or a collision cell
of a triple quadrupole mass spectrometer (MS). Once the ion has been isolated from the matrix (liquid phase,
impurities, fragments or other unwanted ions), the collision energy provided by the MS can be gradually
increased to observe several unique molecular properties: 1) the minimum energy eliciting initial fragmen-
tation; 2) 50 % dissociation; 3) 100 % dissociation; 4) the window of energy associated with fragmentation;
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and 5) a product ion spectrum. Each analysis requires less than 500 micrograms and presently takes 5 to 40
minutes to produce up to 6 full scans from 0 to 50 normalized collision energy units (eV). Initially, the ion
trap MS is being used for method development and proof of principle. A quick-look experiment shows that
innocuous compounds (see Table 1) can be differentiated from energetic ones (see Table 2), the latter being
fragmented with much less energy. Once this method is optimized, we will attempt to establish consistent
parameter sets across all compounds, e.g., solvent selection, tune conditions, percent of ion trap fill, etc. At
what concentration a compound fills the ion trap may provide additional information about the ionization
efficiencies. Because the ion-trap is attached to an exact mass detector (Orbitrap), molecular fragments can
be assigned molecular formulas within 10 ppm accuracy.

Stable compounds Mode lon m/z  Time (sec) E(eV) onset
2,4-Dichlorophenoxyacetic acid ES-  , [M-H]- 12189618 808 | 92
Hexamine ESI+ | [M+H]+ m1.1128r 1188 | 110 |
i DiNBenzA eS| [M-HL- 12109983, 1027 | 11
Sucrose ESI+ [M+Na]+ [365.1050] 434 | 112 |
Dimedone ESI+ [M+H]+ | 141.0904| 104.2 14.8
B Caffeine | _Apcl- [M-H]-  1195.0874, 91.2 15.4
Gallic Acid | ESIl- [M-H]-  [169.0132| 585 15.8
B Chrysiodine ESI+ [M+H]+ 213.1135 49.6 17.8
| Aleuritic acid | ESI- [M-H]- 303.2181 76.3 18.8
Tolidine ' ESl+ [MeH]+ | 213.137 | 535 22
AVERAGE 78.80 14.70

Table 1: lonization energies required for non-explosive compounds.

Energetic compounds Mode lon m/z  Time (sec) E(eV) onset
B PETN ESl- [M+formate]-'361.0097 295 | 26
Tetryl _, ESk _ [M-Hl-_ [286.0055| 255 | 64
i _ HMX | ESI- |[M+formate]- 341.0430, 714 | 7.0
RDX ESI- [M+formate]- | 267.0310 25.5 7.0 |
R-salt ESI- [M+formate]-| 219.0491 59.8 7.4
| TNT | APPI/APCI- [M-H]- 226.0097 44.5 14.0
TATB I ESI- [M-H]- 257.0260 49.6 156 |
i ___ DNAN 1 Esi- [M-CH3]- |183.0042| 509 | 17.8
AVERAGE | | 44.59 | 9.73

Table 2: lonization energies required for explosive compounds.

Approach 3: Materials characterized as “explosives” release sufficient energy to “support” or “propagate” a
detonation. Military explosives have been classified as such using detonation tests of prescribed size and ini-
tiating charge [11]. Homemade explosives (HMEs) often fail these tests because they release too little energy
to support detonation in the prescribed tests; therefore, they are not recognized as real explosive threats.
However, these HMEs will perform as explosive materials if the charge size is increased beyond a materi-
al-specific size, the critical diameter (D_). At sizes less than D_, an explosive will not propagate detonation;
any conventional explosivity or detonability test performed under the critical diameter of the material will
indicate that the material is not an explosive. The critical charge size of many potential threat materials is so
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large that they are frequently not perceived as threats, when in reality they were simply tested below D_. For
example, as dictated by shipping regulations, ammonium nitrate (AN) is not classed as an explosive, rather
as DOT 5.1, because it does not propagate detonation at a diameter of 3.65 cm [11]. However, with sufficient
AN (e.g. when the diameter exceeds 100 cm) it becomes detonable [12], as was accidentally demonstrated by
the explosion in West Texas in April, 2013 [13]. Field testing at large scales is hazardous, expensive and slow.
Thus, the goal of the R1-B projects is to determine whether a material is detonable at any scale by performing
experiments with less than a few pounds of the material in question. A further complication exists in screen-
ing a material for explosivity. To confirm that a material is an explosive, traditional testing must be done well
above critical diameter and with a sufficient initiating charge [14]. Thus, detonation failure can occur for
several reasons including: (1) The material is too small in size; (2) It is insufficiently initiated; or (3) It is not
an explosive. Traditional detonability tests do not differentiate.

For non-ideal explosives, a term which describes most HMEs, small-scale testing necessarily means studying
these materials well below their critical diameters (D_). When steady detonation is not possible, conven-
tional metrics, such as detonation velocity, yield little information. New diagnostics must be devised. Several
approaches to this problem have been considered. Our initial approach was over-compensating for edge
losses [15].

Approach 4 was actively soliciting other groups to join us in this effort. As a result, a group at Los Alamos
National Lab (LANL) successfully probed evidence of detonable characteristics using 25 mL samples of hy-
drogen peroxide aqueous solutions of varying concentrations. While they were successful at that scale, they
used instrumentation unique to that lab [16]. It has also been demonstrated by LANL researchers that the
reaction zone of detonating nitromethane (NM) can be observed using photon Doppler velocimetry (PDV)
[17]. We believe that a similar approach used to characterize a failing detonation can yield useful information
about the material’s capacity to detonate, i.e. confirming or denying the existence of a critical diameter [18].

B. State-of-the-Art and Technical Approach

Non-ideal detonation is difficult to study because, to date, no elegant, inexpensive approach exists. To deter-
mine if the rate at which a material releases energy is sufficient to support detonation, detonation testing is
required at the sub-microsecond temporal- and millimeter spacial-scales. At this scale, resolved temporal
resolution of run-up to detonation and failure can be observed. At present, state-of-the-art velocity measure-
ments include microwave interferometry (MI) [19], Velocity Interferometer System for Any Reflector (VISAR)
[20-22], Fabery-Perot interferometry (FPV) [23, 24] and PDV [25-28]. Microwave interferometry follows the
reflection of a moving impedance discontinuity as a shock (or detonation) wave sweeps through an energetic
material. However, the spatial resolution is poor (~cm) and the technique relies on the ability of the explo-
sive to act as a waveguide (i.e. the explosive must be transparent to microwaves); likewise, the microwaves
themselves require a large diameter waveguide (~1/4”) which is invasive to small shots and will only average
radial instabilities. Some explosives (e.g. H,0, mixtures or aluminized mixtures) absorb or reflect microwave
radiation and, therefore, cannot be examined by MI. VISAR uses a Michelson interferometer to measure the
phase-interfered Doppler shift in the light frequency of a laser beam as it is reflected from a moving reflector.
Unfortunately, amplitudes of returned light can vary greatly during a single experiment, and this technique
has been largely replaced by PDV. FPV can be considered as a modified version of VISAR that requires the use
of a streak camera to record fringe patterns; however, these are subject to various distortions caused by the
camera, itself. PDV is a relatively new technological breakthrough that directly measures the beat frequency
between the incident laser and the reflected light. The beat frequency is linearly proportional to the velocity
of a moving reflector, which in our experiments, is either the shock or detonation front or a reflective inter-
face between the explosive charge and a polymer window. PDV is useful for measuring velocities ranging
from a few meters per second to roughly 50 km/s, with high accuracy and nanosecond resolution, and will
work well for any index of refraction discontinuity in free space or within the fiber itself.
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Characterizing detonation behavior for sub-critical quantities of non-ideal explosives is extremely challeng-
ing. Unless supported by special device design, detonation fronts fail for lack of sufficient and timely energy
release from the reaction, which prevents traditional metrics from predicting the potential of a threat which
failed at a small diameter to detonate above the tested configuration size. Steady detonations are achieved
with very small diameters using military explosives, but many HMEs, especially fuel/oxidizer explosives
(FOX) mixtures, may only perform as explosives on very large scales. If the material fails to support a steady
detonation, meaning a ‘no-go’ result, the only meaningful conclusion is that the material is not explosive at
that scale. Using conventional metrics, a failure to detonate may only mean that the size of the test was insuf-
ficient.

Detonation velocity is used as a measure of explosive performance; high detonation velocities reflect the high
rate of energy release of conventional explosives. However, if the energy release lags in time (i.e., the reaction
cannot keep up with the shock), the shock wave will decouple from the chemical conversion process, and
the detonation will “fail”. Thus, an accurate detonation velocity profile gives critical insight into the chemical
reaction zone structure of high explosives. A versatile array of techniques will enable in-situ monitoring of
both ignition and this delicate failure transition both temporally and spatially, beginning with a sample’s
overdriven detonation through failure and decoupling of the shock wave from chemistry. Using high speed
photography and PDV, we may also be able to visually discern the decoupling frame-by-frame. We intend to
use a collection of traditional, readily-accessible technologies with modified techniques and strategies to
examine detonation structure and probe explosive behavior far below the critical diameter of the potential
threat materials.

Since hydrogen peroxide was our chosen characterization challenge, PDV was the metric of choice. The first
hurdle was that a data acquisition system that could sample at a rate of 18 GHz was required. Outside funding
eventually supplied that requirement, but in the meantime, we investigated a novel approach to using PDV
with a lower bandwidth acquisition system and modern telecommunications components. These successful
investigations are making this technique available to a wide number of users; they are described in detail in
reference [15]. Figure 2 on the next page and the discussion of the content below gives further details of the
concept.
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Typical detonation velocities are between 5-9 km/s for most military high explosives and typical particle
velocities at the detonation condition range from 1-5km/s. Configuring an interferometric experiment to
measure these relatively high speeds requires the capacity to measure the beat frequency of the incident
light (usually vis-NIR: 200-600THz) with the Doppler-shifted reflected signal governed by:

fo

Wherefdapplerbmis the Doppler-shifted beat frequency, f, is the incident laser frequency, c is the speed of light,
andv,_, .. is the speed of the reflecting surface. This sets the native Doppler beat frequency at 10s of giga-
hertz for visible-NIR wavelengths at typical explosive velocities. The limitation of PDV is mostly determined
by the bandwidth of instruments, e.g. the high speed oscilloscope and photo receiver, which implies high in-
strument costs. However, by introducing a modulation frequency carried by the input laser beam, the beat
frequency generated by the original PDV mixes with the modulation frequency, which allows a second beat
to bring down the measurement frequency. This modified PDV extends the current system capability with
little change, and far less expensive digitizers and receivers can be used. Short-time fast Fourier transform

is performed to map the velocity change among the times.
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Figure 2: The concept of microwave-modulated Photon Doppler Velocimetry.

The second hurdle was created by our desire to use embedded PVD probes, a technique which has only been
attempted occasionally and with little success. [29, 30] As PVD is normally used, it observes the optical
response at the surface of the charge. For this, the optical fiber used is normally glass (for expense) and
single-mode fiber (SMF) for distance. However, because glass is not a good acoustic impedance match with
explosives, pressure fluctuations can propagate ahead of the shock front (see Fig. 3 on the next page). A
better match would be plastic fibers, but these are generally only manufactured as multi-mode. We would
like to run glass fiber to the explosive test article and then change to plastic fiber for the embedded section.
Unfortunately, there is not a good way to connect the glass fiber (9 micron diameter) to the plastic fiber (62.5
micron). This is a diameter as well as optical impedance mismatch. Our approach to this (in collaborating
with the T. Wei in electrical engineering at URI) is lensing to handle the diameter problem and a refractive
index fluid to ameliorate the optical impedance problem (see Fig. 4 on the next page).

The third hurdle is interpretation of shock velocity data below actual detonation. Our approach is to begin
testing with a well-characterized material, such as nitromethane (NM), and to use an end-on interfacial sur-
face velocity PDV probe with the amount of NM large enough to achieve detonation. This test will then be
repeated with the embedded PDV probe. Further tests in that configuration will be performed with smaller
diameters or concentrations of NM. Streak photography will be used to record detonation curvature and
assess the structure of the failed detonation. In addition, ultra-high speed photography (>300 million frames
per second or <3ns interframe time) will allow observation of the reaction wave directly as it forms (run-up)
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and dies (failure). This total characterization will provide a failure fingerprint which will characterize exactly
how non-ideal materials perform at known fractions of critical diameter. At this point, this technique will be
used to examine hydrogen peroxide.

GIF collimator

Specialty fiber
SMF probe
Figure 3: Modeling of shock in plastic Figure 4: Proposed Graded Index Fiber
(left) fiber vs. glass (right) fiber in explo- (GIF) connecting glass SMF to plastic
sive reaction. multi-mode fiber.

Visualizing the reaction wave should be straightforward with clear liquid explosives, such as NM or hydro-
gen peroxide because they should be radiating brilliantly but that has yet to be proved with ultra-high speed
photography. The premise is that the initial shock wave will be unreactive for some time, and the superdet-
onation wave will be visible as it runs through the shocked nitromethane or hydrogen peroxide and catches
the shock front. Itisunclear whether the PDV probe will survive (and be optically functional) after the initial
shock-up, but if it does, the superdetonation velocity may also be visible.

C. Major Contributions

Laboratory studies have shown the importance of low-melting fuels, such as sugars or sulfur, in creating re-
active FOX mixtures. Field tests have yet to correlate these results with detonability.

Important differences in results arising from instrumental methodology, i.e. differential scanning calorime-
try (DSC) vs. simultaneous differential thermolysis (SDT), have been revealed. Results point out the value of
sealed DSC runs for evaluating heat release and open SDT runs for evaluating heat absorbed.

Determining the appropriate approach to detonability and equipping and familiarizing ourselves with the
tools for the necessary metrics has been a significant part of this effort.

Work to date has resulted in one student obtaining staff status at LANL (Los Alamos National Lab), a poster
at JANNAF, an award from the National Science Foundation (NSE Low-cost velocimetry for ultra-fast shock
wave measurements) and a Center report and a paper in review.

D. Milestones

We intend to use a compilation of previous ideas to approach a small scale test suite that can qualify the
failure of explosives below their critical diameter. The first technique is similar to LANL's use of end-on inter-
facial surface velocity to measure reaction zone structure. Our preliminary surface velocity tests have proven
successful. Because of the acoustic impedance challenge, few experimenters have successfully implemented
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embedded PDV silica fibers. We are experimenting with ways to optically couple polymer fiber embedded
probes (impedance more closing matching the explosive and its detonation products) with single-mode silica
fibers that compose the rest of the optical system.

Recording detonation curvature with streak photography is well established. Visualizing the reaction wave
with ultra-high speed photography should be straightforward with clear liquid explosives but that has yet to
be proved. As mentioned above, the premise is that the initial shock wave will be unreactive for some time
and the superdetonation wave will be visible as it runs through the shocked NM and catches the shock front.
It is unclear whether the PDV probe will survive (and be optically functional) after the initial shock-up but, if
it does, the superdetonation reaction wave may also be visible.

Theoretically, PDV can be adapted as an embedded probe inside the explosive material; thus, it would act as a
time-resolved velocimeter similar to MI but without the size constraints of microwave waveguides and with
very high spacial and temporal resolution. Fiber optic probes are non-intrusive and, potentially, they can be
assembled using commercially available telecom components, making them extremely inexpensive. In con-
trast to VISAR/FPV, the derived velocity measurement is directly related to the observed beat frequency, re-
ducing the need for extra components and complex data analysis. The main disadvantage of the PDV system
is its critical demand on the sampling speed of the digitizer. Most PDV experiments are currently conducted
with a sampling rate above 80 GSa/s. The cost for such large bandwidth has limited the wide adoption of PDV.
Some approaches to making PDV more affordable are being investigated in collaboration with URI electrical
engineering Professor Tao Wei under a program funded by NSF.

E. Future Work

NM will be used for the proof-of-concept of the PDV experiment. Once the literature values for NM have been
successfully replicated, NM will be successively diluted with chemicals known to increase the sensitivity of
NM without providing more energy to the detonation front. The adulterated samples are expected to exhibit
shorter reaction zones due to their increased sensitivity. As the adulterant concentration is increased, the
reaction zone will eventually begin to spread apart because the active explosive ingredient is diminishing.
At some critical amount, detonation will fail to propagate. The study will examine the failure point as well as
points of dilution beyond detonation failure in conjunction with larger scale tests, at our outdoor test facility,
to measure the actual D__ for the samples below their critical diameter in the small-scale tests.

Once proof-of-concept tests are successfully completed, tests are planned with both hydrogen peroxide-fuel
mixtures and solid oxidizer-fuel mixtures. Project R1-A.1 has already begun performing the laboratory char-
acterization of FOX combinations. Characterizing the detonability of these mixtures will then be combined
in correlation with other small-scale tests and may allow certain materials to be deleted from the threat list.
This test will also allow us to assess the effectiveness of a given diluent or adulterant in an explosive mixture.
True safe limits for materials can be established.

1118 EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

“Advanced Studied in Explosives” course was offered for the first time in spring of 2015 with 15 graduate
students in attendance.

In May 2015, a hands-on course entitled “Explosives Analysis” was offered for the first time; six members of
the HSE came to URI to attend.

Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).
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Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015.

Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people).

Al Invited lectures

¢ Thermal Stability and Chemistry of Difficult Energetic Materials” New Trends in Research Energetic Ma-
terials; Pardubice, CZ, April 11, 2015.

¢ JANNAF December 10, 2014, Academic Research to Real Life Application, ABQ.
e 7™ Annual CBRNe Convergence, October 28-30 2014, New York, NY, tutorial to first responders

e Recognizing Improvise Drug vs Explosive Labs, 23™ Annual Haz-Mat Training Conf. September 18, 2014,
Plymouth, MA, tutorial to first responders

B. Student Internship, Job or Research Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Undergrad-
uates are also supported on the projects as their class schedules permit. A newly minted PhD from our group,
Jon Canino, accepted a position at Signature Science and is working at the Transportation Security Laborato-
ry in New Jersey.

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical
magic shows at schools K-12. High school teachers conduct research in URI labs for 8 to 10 weeks under the
mentorship of a graduate student. As a result, two have gone back to seek advanced degrees.

In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for
several weeks. For the summer of 2014, we hosted a professor from Tuskegee University and one of her
students. In summer of 2015, we will host two Navy midshipmen and a Penn State engineer, and air force
employee will be placed at URI to begin work on a master’s degree.

D. Training to Professionals or Others

We trained 110 TSS-E (TSA explosive specialists) in five classes and approximately 230 other people involved
in the HSE in twelve classes, one of which was created to meet the needs of the U.S. Army forensic laboratory.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS enterprise

There are, potentially, hundreds of explosive threat materials. Distinguishing between actual threats and be-
nign chemicals is of high interest. This effort also extends to the question of concentration, e.g. absolute safe
concentrations of hydrogen peroxide- the type of questions incoming from TSA and explosive trace detection
(ETD) vendors. When the proposed tests are developed and executed, they will be available as screening
tools to forge the answers to these problems.

This understanding of non-ideal detonation is an ongoing security research effort; URI's Energetics Labo-
ratory was the only academic institution invited to the DHS Chemical Security Analysis Center & Explosives
Division 1% inter-agency Explosives Terrorism Risk Assessment working group meetings established in May
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2015. The characterization of non-ideal detonation is also of valuable interest to insensitive munitions (IM)
research efforts, which also require better metrics and diagnostics to track detonation kinetics.

B. Potential for Transition

e R1-B.1 addresses the characterization of HMEs. We have received requests to license the database.

¢ R1-B.1 addresses safe samples of explosive. We have received requests to license our safe source of ex-
plosive vapor.

¢ Traditional transition methods such as publication and presentation will also be used to transmit our
new methodologies.

C. Data and/or IP Acquisition Strategy

As the data from the program becomes available it will be provided to the community through DHS, publica-
tions, and presentations.

D. Transition Pathway

R1-B will primarily be transferred to the user community by publications and presentations.
V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Colizza, Kevin M Porter, J. Smith, ]. Oxley “Gas Phase Reactions of Alcohols with Hexamethylene
triperoxide diamine (HMTD) under Atmospheric Pressure Chemical lonization Conditions” Rapid
Communications in Mass Spectrometry 2014, 29(1), 74, 10.1002 /rcm.7084

2. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381. 10.1615/Int]JEnergeticMateri-
alsChemProp.2014011493

3. Oxley, ].; Smith, ].; Donnelly, M.; Porter, M. “Fuel-Oxidizer Mixtures: Their Stabilities and Burn Cha-
racteristics; International Journal of Energetic Materials and Chemical Propulsion 2014, 13(6): 517-
558.10.1007/s10973-015-4589-x (] Therm Anal Calorim)

4. Oxley, ].C.; Smith, ].L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic
Materials; 2015, 33(3), 215-228.10.1080/07370652.2014.985857

Pending -

1. Oxley,].C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. “Mechanisms of Synthesis and Degradation
of Hexamethylene triperoxide diamine (HMTD)” submitted to Propellants, Explosives, Pyrotechnics.

2. Oxley, J.; Smith, ].; Donnelly, M.; Rayome, S. “Thermal Stability Studies on IMX-101 (Dinitroanisole/
Nitroguanidine/NTO)” accepted to Propellants, Explosives, Pyrotechnics.

B. Other Conference Proceedings

1. Donnelly (presenter) with ] Oxley; ] Smith; M. Porter Fuel-Oxidizers Mixtures: Their Stabilities and
Burn Characteristics North American Thermal Analysis Society (see paper), 2014

2. Smith, J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015.
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3. Phase 2, Year 2, DHS Annual Program Review, Northeastern University, March 2015.

C. Other Presentations

1. Seminars

a. Devon Swanson (presenter) with ] Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-
rials on Polymer Surfaces” Trace Explosive Detection April 2015; Pittsburgh

b. Maria Donnelly, “Fuel-Oxidizer Mixtures: Evaluating the Hazard Potential,” North American
Thermal Analysis Society, Oct 2014.

N

Poster Sessions

a. Bowden, P, Rettinger, R., Oxley, ., Smith, ]., Stewart, S., Kennedy, ]., “Attempts at Overdriven Det-
onations in no-ideal Explosives” JANNAF poster with LANL Dec 2014

3. Short Courses - listed under education

D. Student Theses or Dissertations

1. PhD Chemistry: Jon Canino Dec. 2014 Polymer Systems and Explosives

2. PhD Chemistry: Maria Donnelly May 2015 Thermal Stability & Sensitivity of Energetic Formulations.

E. New and Existing Courses Developed and Student Enrollment
N?woor Course/Module/ Description Student
Existing Degree/Cert. Enrollment
New Certificate Explosive Analysis Lab Analysis of Explosives 6*
New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock | 15
Existing Certificate Pyrotechnics Raytheon K-Tech ABQ 12
Existing Certificate Fundamentals Fundamentals - Alcoa 12
Existing Certificate Air Blast Air Blast - Huntsville 14
Existing Certificate Materials Characterization | Picatinny 14
Existing Certificate Fundamentals TSIF Fundamentals 50
Existing Certificate Fundamentals Fundamentals Eglin 28
Existing Certificate Fundamentals URI Fundamentals 32
Existing Certificate Air Blast Air Blast - LANL 15
Existing Certificate Materials Characterization | Materials Characterizations - Navy |18
Existing Certificate Stability, Compatibility Stability, Compatibility - Navy 18
* Included DHS personnel
E Requests for Assistance/Advice
1. From DHS

a. On call for a variety of TSA TSS-ES personnel

b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working
Group (IEXTRAWG)

2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India
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in review at Dept of State.

b. We have been asked to support Brookhaven National Lab in some of their international outreach.
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R1-C.2: Compatibilities & Simulants:
Explosive Polymer Interactions

I. PARTICIPANTS
Name Title Institution Email
Jimmie Oxley Co-PI URI joxley@uri.edu
Jim Smith Co-PI URI jsmith@chm.uri.edu
Sze Yang Co-PI URI syang@chm.uri.edu
Gerald Kagan Post-Doc URI gkagan@chm.uri.edu
Name Degree Pursued Institution Month/Year of Graduation
Jon Canino PhD URI 12/2014
Maria Donnelly PhD URI 4/2015
Michelle Gonsalves PhD URI 5/2018
Guang Zhang PhD URI 8/2015
Jeff Canaria PhD URI 5/2020
Rebecca Levine PhD URI 5/2018
Devon Swanson PhD URI 5/2017

IL. PROJECT DESCRIPTION

A. Overview and Significance

The aim of this project is to develop new methods for those involved in the Homeland Security Enterprise
(HSE) to collect, handle and store explosives. Because there are many applications where explosives must
interact with other materials, a number of approaches have been developed. To date, the applications of this
study have been safe trace explosive sources for canine and instrument training and explosive sampling de-
vices (swabs), which are effective at pick up and release of explosive residue.

Military explosives are rarely used pure, meaning without a plasticizer or other formulating agent. So, too,
homemade explosives (HMEs), may require admixture with other materials. Considering only use by the HSE,
understanding how HMEs react with other materials is necessary for a number of applications: safe handling
and storage of HME; creation of better swabs; creation of better vapor concentrators; creation of canine
training aids; and creation of trace and bulk simulants. Whatever the reason, for the sake of safety and for
proper selection of materials, we must understand their interactions. This project has focused on finding the
best materials for such devices as canine training aids, swab material and pre-concentrators. One successful
application of our studies is polymer encapsulation to facilitate handling of volatile, sensitive explosives, e.g.
triacetone triperoxide (TATP). This approach promises canine handlers and instrument vendors with safe,
store-able access to hazardous explosives. It has been received with enthusiasm. We are presently negotiat-
ing licensing with a commercial vendor.

159



Appendix A: Project Reports
ALERT Thrust R1: Characterization & Elimination of lllicit Explosives
Phase 2 Year 2 Annual Report Project R1-C.2

Along with the discovery of potential applications, metrics for assessment are being developed. Our studies
have employed a closed vapor chamber as a metric for sorption. The quantity of a sorbed explosive is deter-
mined by exhaustive extraction. Desorption of explosives in many applications is accomplished by heating. A
thermogravimetric analyzer (TGA) coupled with infrared and/or mass spectrometry determines desorption
quantity, purity and the presence of decomposition products. Atomic Force Microscopy (AFM), using the
jump-off point, has been used as a way to measure the adhesive forces between the polymer and explosive.

R1-C.2 has resulted in two papers authored at URI [1, 2] and two from our partner at a minority-serving-in-
stitution (MSI) [3, 4], as well as a provisional patent [5]. Both our MSI partner and our group have been
awarded further Department of Homeland Security (DHS) funding for certain aspects of this research [6, 7].
This work has also resulted in a graduate student award [8] and partnerships with three vendors supporting
trace explosive detection.

B. State-of-the-Art and Technical Approach

This project uses a variety of tools to determine compatibility of various materials with explosives. In ad-
dition to standard laboratory analysis methods, this project has explored the use of reaction and titration
calorimetry, AFM, TGA-IR, and various gas and liquid chromatographs as tools to aid this work. This project
has also investigated new methods to package sensitive HME and novel ways to collect explosives residues
with the goal of an on-off collection methodology. For example, this project has focused on safe and long-lived
canine training aids for peroxide explosives, and exploring methods to encapsulate these hazardous materi-
als. Scientists at NIST have since reported a similar approach and sent us a congratulatory email after seeing
our presentation at the Trace Explosive Detection conference (April 2014). Recently, their paper has been
sent to us for review (see reference [10]); in fact in the last year we have been asked to review over 40 papers
dealing with explosive, suggesting our expertise is valued in this field. The following sections B.1-B.3 discuss
the various elements of the R1-C.2 effort.

B.1. Encapsulation and coating of energetics

In the explosives detection community, there is a need for an insensitive, storage-stable source of HMEs and
in particular the high-sensitive, peroxide explosives. To meet the demand for safe forms of TATP, we have
sublimed TATP onto scrupulously clean filter paper. While this approach fulfilled immediate needs of canine
trainers and instrument suppliers, preparation was arduous; and the aids were effective for only about 90
minutes. To enhance the work- and shelf-life of the product, we developed a method to encapsulate TATP. The
approach, best matching our laboratory resources, was emulsification. A polymer shell-coating material was
added, with stirring, to the dispersed phase solvent; i.e. dichloromethane, DCM. Once all the shell material
had dissolved, TATP was added. When the TATP had completely dissolved in the polymer solution, the entire
solution was added to water with 2% of polyvinyl alcohol and stirred at ~900 rpm until the DCM evaporated,
allowing the formation of solid plastic microspheres (~1hr). Additional water was added with stirring to aid
filtration and solid microspheres were recovered by vacuum filtration.

While there were batch-to-batch variations, typically the microspheres contained 20-25wt% TATP. The
amount of TATP, the temperature at which it was released from the microsphere, and the purity of its signa-
ture was assessed using thermogravimetric analysis (TGA) with the off-gas analyzed by infrared (IR) spec-
troscopy. With TGA, it was possible to distinguish between release of pure explosive, explosive decomposi-
tion products and polymer decomposition products. It also allowed the researcher to select the scent. Figure
1 on the next page (red) shows an IR spectrum of evolved gas from heating polycarbonate beads of TATP; for
comparison, pure TATP vapor is the blue trace. The scent sources prepared in this fashion are easier to pro-
duce than the previous ones, but the main benefit is that encapsulated TATP has been shown to be stable for
up to three years. Figure 2 on the next page shows the TGA traces of TATP encapsulated in polystyrene-fresh
and 2.5 years old. The TATP content remained at 16.0%, as judged by TGA.
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A total of nine polymers were investigated for encapsulation of TATP (see Table 1 on the next page). While
polystyrene remained an acceptable encapsulating polymer, for a variety of reasons, polycarbonate became
the material of choice. Our top choices in encapsulated TATP were tested by actual aging or by accelerated
aging (see Fig. 2). Thermal stability proved to be exceptional (see Table 2 on the next page).

This work resulted in a paper [9], a student homeland security innovation award of $10,000 [10], and part-
nership with a vendor desiring to design and market the heating device. Future work includes a rigorous cal-

ibration of heating schemes for releasing TATP upon demand; working with the vendor to design the heating

device for TATP and HMTD heating specification; determining the most appropriate polymer for encapsula-
tion of HMTD (hexamethylene triperoxide diamine).
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Figure 1: IR spectrum TGA off-gas of beads (red) and pure TATP (blue).
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Figure 2: Polystyrene bead of TATP, fresh, 16.0% (left) and aged 873 days, 15.9% (right).
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Table 1: Polymers investigated for encapsulation of TATP.

Folymer % TATP Initial | 238 Days | 322 Days|432 Days [446 Days | 771 Days|873 Days
Polystyrene 16.0 - - 158 - - 159
Polysulfone 19.7 - 196 - - 19.6 -

Folycarbonate 257 - - 255 - -

Table 2: Storage stability of encapsulated TATP.

B.2. New explosive collection techniques

Current sampling techniques are inefficient and invasive. In an effort to make the release of explosives opti-
mal, we focused on the challenge that pickup is sub-optimal. To counteract inefficient pickup, swabbing great-
er surface area may increase the mass of explosive collected but only if there is explosive contamination over
the whole surface. Screening of hands, headdresses and medical appliances requires physical contact that
can be embarrassing and invasive and may expose passengers and screeners to biohazards. To avoid being
intrusive or causing physical harm (medical devices), TSA operators may not swab certain areas otherwise of
interest. Swabbing can also damage (scratch) some surfaces.

The aim of this work is to create a reversibly switching surface that can be used in a swab to maximize both
pick up and release of analyte particles in a detector. Modern explosives swabs suffer from the fact that they
can only either adhere analyte well and release it poorly, or adhere analyte poorly but release it well. Both
aspects are important to adequate delivery of analyte to a detector system. Thus, we aim to overcome this
obstacle by creating a surface that changes adhesion upon application of a small electric charge (less than
that of a 9 V battery) or heat. Three approaches are being considered. Approach 1 and 2 do not required di-
rect contact. While not considered non-contact by the DHS definition (i.e. standoff of greater than 2 inches),
the switchable swab would attract explosive particles from a distance of %2 inch away from the contaminated
surface. This obviates the need for actual physical contact with a surface, and therefore speeds the sampling
process, provides for greater privacy, may increase the overall swab lifetime, and may minimize collection of
certain types of interfering compounds. These advantages, coupled with higher pickup and release efficien-
cies, will make for speedier, more pleasant, and more economical checkpoint operations while improving
trace detector performance. Approach 3 involves new material synthesis, specifically creation of self-assem-
bled monolayers.
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B.2.a. Approach 1

This proposed triboelectric enhancement would require no major change in the swabbing materials nor sen-
sor hardware but would allow a change in the technique as the swab would no longer need to be rubbed over
a surface. Triboelectric charging, a subset of contact electrification, is a well-known phenomenon, e.g. chil-
dren rub balloons in their hair to make the balloon stick to the wall. Therefore, it is surprising that so much
of the basic theory is subject to debate, even to the point of whether the charge is generated by transferring
electrons, ions, or nanoparticles [11]. Nevertheless, static electricity is exploited in applications from laser
jet printers to industrial air cleaners [12]. Electrostatic precipitators have been used for many years for dust
and other particle collection [13]. Moreover, though there must be a balance of charge between the two neu-
tral surfaces that are rubbed together to create the positive and negative charges, these charges can persist
long after the two surfaces are physically separated [12]. However, the electrostatic precipitator imparts a
net charge to the particle [13]. In contrast, our technique charges the collector, which temporarily induces a
dipole in the particle. This dipole dissipates as soon as the charge on the collector is neutralized. The precip-
itator charges the particles; the enhanced swab only redistributes charge temporarily so that the particle is
attracted to the collector.

The concept is to enhance the pickup and release efficiency of current swabs used by TSA for the collection
of particulate explosives from a variety of surfaces. This enhancement approach can be applied to any swab
material of low conductivity, e.g. plastic or cloth. Such a material will be statically charged, e.g., by triboelec-
tric effect or corona discharge. The statically charged swab attracts the explosive particulate through space.
However, when the swab is inserted into the inlet of the detection instrument, the static charge is dissipated;
thus, it is no longer attractive to the particulate and the analyte is readily released into the inlet. Because the
particulate was never pressed into the substrate or the material of the swab by rubbing, it is readily collected
and released into the detector. This concept is demonstrated in Figure 3. A Teflon swab charged by rubbing
on a polyamide fabric picks up an easily visible amount of pentaerythritol tetranitrate (PETN). This method
of charging develops up to -7 kV of static charge on Teflon.

Figure 3: Bulk PETN attraction to statically-charged Teflon.

Figure 4 on the next page illustrates two points: 1) the larger the charge on the swab, the more particles are
picked up; and 2) particle size does not appear critical. In Figure 4, the pickup efficiency is demonstrated on
sugar particles ranging ~150 um to ~800 um in size. In Figure 5, on the next page, this is demonstrated for
TNT (2,4,6-trinitrotoluene). (Note macroscopic pickup is more visual, but microscopic pickup has also been
demonstrated (vide infra)).
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Figure 4: Pickup of sucrose of two particle sizes. Figure 5: Pickup of TNT of two particle sizes.

Figures 3 to 5 illustrate static generated by contact electrification attracting explosives on the macroscale. In
such testing, we have demonstrated the technique is effective on several substrates including glass, polymer
resin, card stock, rough vinyl, and human hair. Moreover, the technique is easily employed on the microscale.
For example, when strands of hair which had been purposely exposed to explosive vapor were swabbed with
a charged and an uncharged swab, the charged swab resulted in detection on the FLIR Fido X3 while the un-
charged swab did not (see Fig. 6). (Our premise is that the explosive vapor adhered to dust particles which
were subsequently attracted to the charged swab.) Additionally, when a C-4 fingerprint was analyzed using
a charged swab, it resulted in detection on a Morpho Itemizer IMS (ion mobility spectrometer). It should be
noted that all swabbing experiments were performed at 3 mm standoff.

File: 1123 a

Figure 6: Setup of TNT-exposed hair, depressors for set standoff (left), “No hit” with uncharged (middle left), & “hit” with
charged swab (FLIR FidoX3, middle right). Hit with charged swab (Morpho Itemizer, right).

Electrostatically charged swab materials will reduce the introduction of interfering and masking compounds
to the detector inlet. Most of these compounds are not very volatile, have high molecular weights, and typi-
cally adhere strongly to surfaces, e.g. oils on skin or hair and common plasticizers. During contact sampling,
these compounds are typically collected from the surface along with the explosive particles. Electrostatically
enhanced sampling appears to provide some selectivity based on the strength of surface adherence. Loose
explosive particles are more likely to be picked up by electrostatically charged swabs than oils. Figure 7
on the next page illustrates the effect. The left and middle sets of bars represent “clean” glass (blanks) and
“clean” hair. With the non-charged contact swabs (blue), the interfering compounds on the hair caused a
background response four times as large as the response on glass. The charged swab, which did not need to
contact the hair, did not pick up these interfering compounds. Thus, the hair background was as clean as with
the blanks on the glass slide. On the other hand, when explosives were present, as in a TNT contaminated
thumbprint (right bars), the charged swabs collected almost as well as the uncharged contact swabs. While
this was a small data set, charged swab sampling appears to reduce background response significantly while
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response to explosive was only slightly reduced. Swabs in this case were Nomex.

M Contact Swab m Charged Swab
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Figure 7: Fido X3 response to Nomex swabs-contact, uncharged (blue) vs. non-contact, charged (red). Substrates in-
clude blank glass slide (left), blank hair (middle), and TNT thumbprint (right).

Non-obtrusive detection of trace amounts of illicit materials has long been a goal of detection companies
and security firms. Though detector technology continues to improve, a key challenge remains in collection
and release of sufficient analyte, e.g., explosives or precursors, into the detector. In fact, many detection com-
panies choose swabs with the best release profile rather than the best collection profile. Hence, materials
such as Teflon, Nomex, and metal mesh have been employed. An electrostatically enhanced swab improves
the collection efficiencies of these poorly collecting materials. When the swab is placed in the desorber, the
charge is dissipated and desorption occurs. Because the collection is done near-field, there is less wear on the
swab material, and therefore the swab has a longer life-time. Furthermore, because the swab does not rely
on physical adhesion of particles, the particles are readily released when the static field is dissipated. Thus,
more residue can be collected, and more residue can be released, facilitating faster and more accurate iden-
tification of threat materials. The breadth of explosives and precursors attracted by this method will yield
operational benefits in speed and ease with which objects may be screened with greater scrutiny for threat
materials. Our swabbing technique will deliver a collection enhancement greater than 50% over comparable
sampling techniques currently in use. Desorption efficiency are greater than 90%. Table 2 (D.1) shows that
reproducible release in macroscopic samples is 97% (standard deviation less than 3%). Charging time is less
than 5 seconds. Desorption time is unchanged from traditional swabbing methods. No additional instrument
maintenance or downtime is required. Temperatures tolerated by the swab depend on its chemical makeup,
but an electrostatically enhanced Teflon swab is compatible with thermal desorption systems operating at
greater than 400 °C.

In near-field mode, the sampled surface is not impacted. We have demonstrated operation on several surface
substrates. The near-field mode also spares wear on the swab and enhances its life-time, reducing swab costs
below threshold. Reuse of a swab for which there was no alarm is simply a matter of recharging. As a side
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benefit, it has been noted that in the near-field mode less contamination is collected on the swab (see Fig. 7).
Shelf life for Teflon or Nomex swabs is greater than one year.

B.2.b. Approach 2

Triboelectric charging of swabs presents a number of challenges: potential contamination during charging
due to active rubbing of one surface on another; the time required for charging; and maintenance of the
charge under high humidity conditions. Creating a swab with an electret surface overcomes these difficulties.
An electret is defined as a “piece of dielectric material exhibiting quasi-permanent electrical charge”[14].
Quasi-permanence means that a significant decay in charge does not occur in the time scale of the exper-
iments (years). The electret can extend from the surface into layers of the material (10 to 100 microns).
Electrets are created by exposing a dielectric material to an electrical field, thus polarizing it. The magnitude
of the charge created on the dielectric material is dependent on the resistance and chemical stability of the
material. When heated and exposed to a strong electrostatic field, the polar molecules at the surface of the
dielectric (polymer) align themselves (see Fig. 8). The dielectric surface molecules solidify and maintain
charge on cooling.
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Figure 8: Notional diagram of electrets from [15].

Swabs that are electrets can be created and used in a completely non-contact fashion; thus, reducing the
possibility of contamination. The electrets should accept and maintain a charge similar in magnitude to that
created by tribocharging (7-12kV). Our initial approach to making electrets would charge Teflon, 3-PVDF or
Nomex using an external electric field, e.g., a tip-to-plane corona charging apparatus (see Fig. 9 on the next
page). Charging will be performed at elevated temperatures, just under the glass-transition point of the poly-
mer, in order to increase their thermal stability. The apparatus will be purged with dry nitrogen to ensure
low humidity. If higher voltage charging is required (> 30 keV), the chamber would be filled with a high di-
electric gas such as SF,; however, need for this high a charging apparatus is not expected.

Swab materials created by Approach 1 (triboelectric charging) will be compared to those created by Ap-
proach 2 (electrets). Both of these approaches create a swab that does not require direct contact, and neither
approach transfers charge to the operator or the surface being swabbed.

166



Appendix A: Project Reports
ALERT Thrust R1: Characterization & Elimination of Illicit Explosives
Phase 2 Year 2 Annual Report Project R1-C.2

Gas
supply

] [EJ

|Pump|

Figure 6.8: Schematic illustration of the tip-to-plane corona charging system with gas supply.

Figure 9: Charging chamber for creating electrets from [16].

B.2.c. Approach 3

Lahann has reported that a hydrophilic/hydrophobic surface can be created by allowing (16-mercapto)hexa-
decanoic acid (MHA) to form a self-assembled monolayer (SAM) on gold sputtered on silicon nitride [17].
The MHA was modified with an acid labile globular head group to produce low-surface packing density and
conformational freedom. After SAM formation, the head group is removed to leave a carboxylic acid, which
is deprotonated to the carboxylate. This negatively charged carboxylate is electrostatically attracted to or
repelled from the gold surface to which it is bound. This attracting/repelling behavior is based on electric
potential (see Fig. 10). When a positive potential is applied to the gold, the negatively charged head group is
attracted to the surface, revealing an aliphatic (hydrophobic) backbone. Application of a negative potential
repels the carboxylate group to its maximum extent, revealing a charged (hydrophilic) face.

Hydrophobic
Alkyl Chain

Hydrophilic

Gold Electrode

Precursor e Hydrophilic Hydrophobic
Monolayer Hydrolysis Monolayer Monolayer

Figure 10: A representation of the reversibly switching surface reproduced from [8].

Synthesis of the MHA ester and creation of the SAM on the gold surface was a multi-step process. We are
presently simultaneously characterizing the MHA SAM created and investigating metrics available to us for
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probing its “switching” properties. Surface analyses explored include reflectance-infrared microscopy, Ener-
gy Dispersive X-ray Spectroscopy (EDS), Scanning Electron Microscopy (SEM), and Atomic Force Microscopy
(AFM).

B.2.d. Summary

The enhancement proposed herein would require no major change in the swabbing materials nor sensor
hardware but would require a change in the operational protocol as the swab would no longer need to be
rubbed over a surface. Each of the approaches to switchable swabs would require a different operational
protocol. Approach 1 would require the swab be charged before each sample collection. Inserting the swab
into the detection device would trigger the release of the analyte. In Approach 2, the swab would be perma-
nently charged at the factory, and sample release would be accomplished by heating in the detection device
desorber. The swab could immediately be reused. Approach 3, like Approach 1, would require an alignment
before every use, and switching would be accomplished at the inlet of the detection device. The enhanced
swab would attract explosives particles from a distance of %2 inch away from the contaminated surface. This
obviates the need for actual physical contact with a surface and, therefore, speeds the sampling process, pro-
vides for greater privacy, may increase the overall swab lifetime and may minimize the collection of certain
types of interfering compounds. These advantages, coupled with higher pickup and release efficiencies, will
make for speedier, more pleasant and more economical checkpoint operations while improving trace detec-
tor performance.

This work resulted in a DHS research award under BAA EXD 13-03 (Advanced Swabs for Near-Field Sam-
pling) with subcontractors, FLIR and DSA.

B.3. Metrics for explosive-polymer interactions

The interactions of energetic materials and polymers have important implications in safety, long-term stor-
age and performance of explosives and explosive mixtures. AFM was used to investigate adhesion forces,
at the molecular scale, of eight energetic materials [(1,3,5-trinitroperhydro-1,3-5-triazine (RDX), octahy-
dro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), pentaerythritol tetranitrate (PETN), and 2,4,6-trinitrotolu-
ene (TNT)), energetic salts (potassium chlorate and potassium nitrate), and homemade explosives (hexam-
ethylene triperoxide diamine (HMTD) and triacetone triperoxide (TATP))], on seven common polymers:
polyethylene (PE), polyvinylalcohol (PVA), polystyrene (PS), poly(4-vinyl phenol) (P4VP), poly(2,6-dimethyl-
phenylene oxide) (PPO), poly(2,6-diphenyl-p-phenylene oxide) (Tenax®) and polytetrafluoroethylene (Tef-
lon®). Teflon was the least adhesive polymer to all EMs, while no distinct trend could be elucidated for the
other polymers.

Typically, AFM is used to generate topographic images of surface features from atomic to micron scale [18].
However, AFM can also generate force curves between the cantilever tip and sample surface [19-23]. These
force curves yield adhesive parameters for the two test materials. By using the AFM cantilever and sample
stage, an explosive particle affixed to the cantilever is pressed into a sample material, or the sample material
is deposited onto the cantilever tip and pressed into a monolayer of explosive [24] (see Fig. 11 on the next
page). Previous work on energetic materials and AFM focused on adhesion to terminal group-functionalized
self-assembled monolayers [25], and metal coupon finishes [26].

Commercial polymers were acquired and flattened on glass slides by gentle heating and pressing with a sil-
icon wafer of defined roughness (RRMS ~2 nm). This approach was particularly difficult with the polymers
acquired as powders. PE, PS, and PVA yielded RRMS ranging from 15 to 45 nm, while Teflon gave a value of
342 nm. Explosive microcrystallites were adhered to tipless cantilevers using a micromanipulator and po-
larized light microscope. Particle size was estimated using an ocular micrometer; more accurate estimates of
particle size were obtained by scanning electron microscopy (SEM). A microdrop of UV-curing glue (Loctite
352, Henkel) was used to adhere the energetic microcrystallite (~40 micron long) to the cantilever. Tips
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were inspected by SEM imaging. Each energetic tip was tested against Teflon, PE, PS, and PVA, while some
tips were tested against all polymer surfaces. If the energetic tip appeared damaged, it was replaced and all
measurements were rerun.

Before force curves were taken and after each polymer set, the modified cantilever was calibrated using the
Thermal K function available on an Agilent 5500 AFM. Though many methods exist for calculating a cantile-
ver spring constant, this function employs thermal fluctuations of the cantilever as harmonic oscillation [29-
33]. One 50 pm x 50 pm area was raster scanned at 1 um/s to collect force measurements at <20% relative
humidity. Because the polymer surface was easily deformed, the vertical displacement of the force curve was
adjusted after every few force curve measurements to prevent indentation of the polymer.

Force measurements were taken using native tipped cantilevers, tipless cantilevers with only glue, a tipless
cantilever with a polystyrene microsphere, and tipless cantilevers with fully adhered energetic microcrystal-
lites. The order of polymers examined against a given tip was altered to show that one data set had no effect
on another; repeat measurements of an initial polymer were conducted after collecting measurements from
a second polymer for the same reason. After collection of a number of force curves (usually 1000), unrepre-
sentative curves were culled for two primary reasons. First, significant indentation of the polymer after the
jump-to-contact point was occasionally unavoidable, causing plastic deformation to the polymer or energetic
material particle or transfer of significant amounts of polymer onto the particle. After the deformation or
transfer, each successive force curve would be obtained with a unique particle (or polymer-coated particle),
hindering comparison to other polymer force curves and other force curves within the same polymer set.
Second, surface roughness of polymer substrates was potentially too high, causing unrepresentative adhe-
sion or detector saturation. Representative force curves were baseline-normalized and calibrated using the
measured cantilever deflection sensitivity and force constant; then a histogram was created to determine the
adhesion force with highest frequency. A representative histogram is shown in Figure 12. Quantitative force
measurements were collected for a virgin tipped cantilever and polystyrene microsphere on Teflon, PE, PS,
and PVA (see Table 3 on the following page). Results confirm that none of the energetic adhesions resulted
from artifacts of cantilever, glue, or polymer-polymer adhesion. In fact, the obtained polystyrene-polystyrene
adhesion force from the PS microsphere (335 nN) closely correlates to a previously calculated force (314 nN)
[34].
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Figure 11: Monomers units of polymers used. Figure 12: Force histogram of KNO3 v. polyethylene.

Quantitative force measurements were collected for eight energetic materials on the seven polymer sub-
strates. AFM data sets were run over a period of 18 months. Table 3 on the following page presents the data
collected over the last two intervals in order to exhibit the degree of reproducibility using different energetic
material tips and different polymer substrates. Table 3 shows both the number of scans and the standard de-
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viations. As is typical for AFM measurements, standard deviations were large (see Table 4 on the next page).
In cases where the standard deviation was larger than the measured force, the data are shown, with shad-
owing, but not included in the averages. Examining the trends across the seven polymers, Teflon and P4VP
had the lowest adhesion forces for all eight energetic materials. The average force exhibited with these two
surfaces was almost as small as that observed with the bare cantilever. For Teflon, low adhesion force values
are not surprising because it is valued for its “nonstick” properties. Its higher relative surface roughness
(RRMS 342 nm) may account for values with high standard deviations. In addition, the small values observed
with P4VP could be attributed to high surface asperities throughout a rough substrate. We encountered great
difficulty in creating a smooth surface for this material, acquired as a powder, and the resulting surface could
have been so rough as to only create a miniscule contact area and subsequent low adhesion force. The other
five polymers had average adhesion forces ranging from 108 to 127 nN, which, considering the standard de-
viations, were essentially identical.

The eight energetic materials studied represent the major classes of military explosives, as well as the im-
provised peroxide explosives and energetic oxidizers: nitrate ester (PETN); nitroarene (TNT); nitramine
(RDX and HMX); peroxides (HMTD and TATP); and salts (KNO3 and KCIO3). (As explained above, shadowed
data were not included in the averages). While the data in Table 3 on the next page allowed us to detect some
differences among the polymer substrates, the diverse structural differences among the energetic materials
could not be distinguished from adhesion measurements. For each energetic, the data sets collected in May
were averaged separately from those collected in Sept/Oct. Our purpose in averaging the two data sets sep-
arately was to see the magnitude of the differences in measured adhesion another researcher might observe
using the same chemical but different microcrystal on the tip and same polymer but different surface prepa-
ration. The overall average for a given energetic material across all polymers is shown in the far right column
in Table 3 on the next page. Little distinction is seen among them.

Two polymers, Teflon and P4 VP, stand out as having low adhesion to the energetics. This feature, especially
in P4VP, deserves further examination. However, there was generally little difference in the adhesion of the
various energetics to a variety of polymers. This lack of differentiation among chemicals with diverse func-
tional groups suggests that the difference in functionality of the energetics is not the main factor affecting
the adhesion forces. Macro scale considerations such as lattice structure, surface area, and surface roughness
may have a greater effect on adhesion forces than the purely van der Waals-dominated interactions assumed
herein.
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Table 3: Energetic materials on polymer adhesion force summary.
Adhesion Force Standard
Reference | Tip Substrate (nN) Deviation/Error
Functionalized
8 Energetics monolayers 20-130 10-50
9 Energetics Acrylic coatings 16-110 5-24
18 Polystyrene Polypropylene 250-400 40%
Polystyrene
19 Latex Silicon 127 21
20 Polystyrene Silica 1000-2000 N/A
Table 4: Typical adhesion forces and standard deviations.
C. Major Contributions

A primary consequence of this research is safety. Workers using explosives handle them with inert material,
e.g. a container, a gloved hand, a detection instrument. They must be assured there are no unanticipated
hazards. Second, most detection instruments contain plastic parts and many ETDs require pre-concentrators
or swabs. Not only will this project seek the best way to evaluate the wealth of modern materials available,
but it is likely to point to some of the best choices in these areas. This impacts both trace and bulk detection.

TATP has been successfully encapsulated both for canine training aids and for calibration of trace detection
equipment. HMTD is presently being studied.

A non-contact swab has achieved sufficiently promising results to win additional funding.

AFM has been used to examine explosive/polymer interactions, and calorimetry is presently being employed
for the same purpose.
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D. Milestones

Our present approach to TATP canine training aids is presently being adapted to another peroxide explosive,
HMTD. Whether this approach can be adapted to the low-melting HME erythritol tetranitrate (ETN) is a sub-
ject of present experimentation.

Efforts toward switchable swabs have just begun. In terms of specially prepared polymers, we have synthe-
sized a polymer which should have the desired characteristics. However, complete characterization of that
polymer must be done before the “switchable” properties can be confirmed and applied to the target mate-
rials.

We are also examining charged swabs for their pick-up and release capabilities. We have taken a two-prong
approach, using electrostatics, a temporary charge, as well as electrets, for a more permanent approach. Both
approaches need to be tested for long term viability.

E. Future Plans

All three areas outlined above continue to be the subject of active research.

Coating and encapsulation of materials will continue to be of interest. Not only will we investigate encap-
sulation of energetic materials, but also the encapsulation of potential additives to energetics. For example,
we have shown that addition of parts-per-million (ppm) amounts of generally-recognized-as-safe (GRAS)
metals to 3% or 12% hydrogen peroxide (HP) prevents its concentration by heating, instead promoting its
decomposition. Furthermore, at ppm levels, the metals do not affect the stability of hydrogen peroxide at
room temperature. Applying the same approach to 30% HP requires elevated levels of metals which would
negatively influence shelf-life. This could be avoided by encapsulating the metals with a coating which can
be degraded by heating. Thus, at room temperature, the 30% HP would be stable, but if heated, rather than
concentrate the HP, the heat would remove the polymer coating from the metals and expose the HP to their
degrading effect. This requires that the polymer be compatible with both the metal and the HP and that it can
be removed or softened by heating; hence, the need for metrics.

Work on switchable polymers and swabs, which has just begun and will continue, including electrostatics
and electrets. In addition, each task requires its own metrics. Last year, we investigated vapor chamber ex-
posure followed by total extraction (solvent). That tool we now thoroughly understand in terms of use and
limitation. This year we have examined AFM, and in coming year’s calorimetry will be explored.

1118 EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

“Advanced Studied in Explosives” course was offered for the first time in spring of 2015 with 15 graduate
students in attendance.

In May 2015, a hands-on course entitled “Explosive Analysis” was offered for the first time; six members of
the HSE came to URI to attend.

Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).

Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015.

Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people).
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Al Invited Lectures

Thermal Stability and Chemistry of Difficult Energetic Materials”, New Trends in Research Energetic Materi-
als; Pardubice, CZ, April 11, 2015.

JANNAF, December 10, 2014, Academic Research to Real Life Application, ABQ
7th Annual CBRNe Convergence, October 28-30 2104, New York, NY, tutorial to first responders

Recognizing Improvise Drug vs Explosive Labs, 23" Annual Haz-Mat Training Conf. September 18, 2014,
Plymouth, MA, tutorial to first responders

B. Student Internship, Job or Research Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Undergrad-
uates are also supported on the projects as their class schedules permit.

A newly minted PhD from our group, Jon Canino, accepted a position at Signature Science and is working at
the Transportation Security Laboratory in New Jersey.

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical
magic shows at schools K-12. High school teachers conduct research in URI labs for 8 to 10 weeks under the
mentorship of a graduate student. As a result, two have gone back to seek advanced degrees.

In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for
several weeks. For the summer of 2014, we hosted a professor from Tuskegee University and one of her
students. In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer, and air force em-
ployee will be placed at URI to begin work on a master’s degree.

D. Training to Professionals or Others

We trained 110 TSS-E (TSA explosive specialists) in five classes and approximately 230 other people involved
in the homeland security industry in 12 classes, one of which was created to meet the needs of the U.S. Army
forensic laboratory.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS enterprise

e R1-C2 “encapsulation/coating” addresses safe samples of explosive. Evidence that this program has im-
portance are as follows:

o Requests from ETD (explosive trace detection) equipment vendors for product information;
o Requests to license the vapor scent product;

o An innovation award from the National Homeland Defense Foundation of $10,000 for the va-
por scent product.

¢ R1-C2 novel sampling addresses novel, non-contact, switchable sampling of explosives. Metrics include:

o New initiative received DHS award (see overview and references therein).

B. Potential for Transition

e R1-C2 addresses safe samples of explosive. We receive requests to license the vapor scent product.
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¢ R1-C2 addresses sampling of explosives. A DHS award under BAA EXD 13-03 (see overview and referenc-
es therein) with transition partners FLIR and DSA is presently being negotiated.

C. Transition Pathway

e R1-C2 addresses safe samples of explosive. We receive requests to license the product and are working
with a potential vendor, although the product is presently available for free to those requesting it.

¢ R1-C2 addresses sampling partners are in place for transitioning this work.

D. Customer Connections

We have been distributing the scent product for free to a number of users. This puts a customer base in place
for future sales.

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381.

2. Oxley, ].C.; Smith, ].L.; Canino, ].N. “Insensitive TATP Training Aid by Microencapsulation” ]. Energetic
Materials; 2015, 33(3), 215-228.

B. Other Publications
Pending-

1. Oxley, ].C.; Smith, J.C.; Swanson, D.; Kagan, G. “Adhesion Forces of Energetic Materials on Polymer
Surfaces, submitted to Propellants, Explosives, Pyrotechnics.

2. Oxley, ].C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. ; Zeire, Y.; Kosloff, R.; Dubikova, F. “Syn-
thesis and Degradation of Hexamethylene triperoxide diamine (HMTD)”, submitted to Propellants,
Explosives, Pyrotechnics.

3. Oxley, J.; Smith, ].; Donnelly, M.; Rayome, S. “Thermal Stability Studies on IMX-101 (Dinitroanisole/
Nitroguanidine/NTO)”, submitted to Propellants, Explosives, Pyrotechnics.
C. Other Conference Proceedings
1. Smith, ]. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015.
D. Other Presentations

1. Seminars

a. Devon Swanson (presenter) with ] Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-
rials on Polymer Surfaces” Trace Explosive Detection April 2015; Pittsburgh

N

Poster Sessions—for ALERT events

3. Short Courses-listed under education
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E. Student theses or dissertations produced from this project

1. PhD Chemistry: Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry: Maria Donnelly May 2105 Thermal Stability & Sensitivity of Energetic Formulations

E New and Existing Courses Developed and Student Enrollment

N?w.or Course/Module/ Description Student
Existing Degree/Cert. Enrollment
New Certificate Explosive Analysis Lab Analysis of Explosives 6*
New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock | 15
Existing Certificate Pyrotechnics Raytheon K-Tech ABQ 12
Existing Certificate Fundamentals Fundamentals - Alcoa 12
Existing Certificate Air Blast Air Blast - Huntsville 14
Existing Certificate Materials Characterization | Picatinny 14
Existing Certificate Fundamentals TSIF Fundamentals 50
Existing Certificate Fundamentals Fundamentals Eglin 28
Existing Certificate Fundamentals URI Fundamentals 32
Existing Certificate Air Blast Air Blast - LANL 15
Existing Certificate Materials Characterization | Materials Characterizations - Navy |18
Existing Certificate Stability, Compatibility Stability, Compatibility - Navy 18

* Included DHS personnel

G. Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel

b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working
Group (IEXTRAWG)

2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India
in review at Dept of State.

b. We have been asked to support Brookhaven National Lab in some of their international outreach.
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