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Abstract: The synthesis and decomposition of hexamethy-
lene triperoxide diamine (HMTD) were studied. Mechanisms
were proposed based on isotopic labeling and mass spec-
tral interpretation of both condensed phase products and
head-space products. Formation of HMTD from hexamine
appeared to proceed from dissociated hexamine as evident
from scrambling of the N label when synthesis was car-
ried out with equal molar labeled/unlabeled hexamine. De-

composition 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 different possible de-
composition pathways. HMTD is destabilized by water and
citric acid making purification following initial synthesis es-
sential in order to avoid unanticipated violent reaction.
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1 Introduction

HMTD is synthesized from the reaction of hexamine with
hydrogen peroxide. The oxidation is catalyzed by acid, usu-
ally citric acid. It was discovered in 1885 by Legler using
formaldehyde, ammonium sulfate, and hydrogen peroxide
[1]. The structure was proposed in 1900 by Baeyer and Vil-
liger [2]. Von Girsewald was the first to use hexamine, citric
acid, and hydrogen peroxide [3]. X-ray diffraction showed
exactly planar threefold coordination about the two bridge-
head nitrogen atoms rather than pyramidal structure [4,5].
This ring strain in HMTD may account for its low thermal
stability and high sensitivity to friction [6,7]. Because there
have been several unexpected violent reactions involving
HMTD where counterterrorism personnel have been in-
jured, we launched a study to better understand its chemis-
try and, for the purposes of detection, to identify its signa-
ture under a variety of conditions.

2 Experimental Section
2.1 Synthesis of HMTD with Citric Acid

HMTD was synthesized according to the literature [5]. The
yield of crude HMTD was ca. 50%, assuming 1:1 molar
ratio hexamine:HMTD. Recrystallization was conducted with
70/30 v/v mix of ethyl acetate (EA)/acetonitrile (ACN). Sol-
vent was difficult to remove even after drying under high
vacuum for 24 h. The evidence collected to support that
HMTD was synthesized with these conditions included GC/
MS (see Section 2.12), DSC (see Section 2.10), melting point
(by Mel-Temp apparatus), LC/MS (see Section 2.14), NMR
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(Bruker 300 MHz, '"H NMR [CDCl;]: 6 =4.80), and IR (Thermo
Nicolet 6700 FTIR). The evidence gathered to support that
HMTD was synthesized under any of the alternate condi-
tions listed below (including labeling studies) included GC/
MS, melting point, and LC/MS.

Note: HMTD is an extremely sensitive primary explosive;
no fritted glass, metal spatulas nor excess force or friction
should be applied.

2.2 Synthesis of HMTD with Other Acids or No Acid

Using same amounts of hexamine and hydrogen peroxide
as above, but no acid added, precipitation of HMTD was
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not observed for 7 d at room temperature. After 9 d of stir-
ring, 261 mg HMTD was recovered, ca. 7% yield assuming
1:1 molar ratio hexamine:HMTD. Other diprotic and triprot-
ic acids used, in place of citric acid, included sulfuric acid,
phosphoric acid, and oxalic acid; like citric acid, they were
added in 1.1 to 1 molar ratios hexamine:acid. Monoprotic
acids gave poor yields (Table 5) 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 hexam-
ine:acid, yields were comparable to those achieved with
citric acid.

2.3 Synthesis of HMTD with Formaldehyde ("*C or '*C)

Formaldehyde, up to 6 mol per mole hexamine, appeared
to accelerate the reaction and increased the yield to over
100% based 1 to 1 hexamine:HMTD. For example, HMTD
was synthesized by adding hexamine (0.4499 g, 3.22 mmol)
to a solution of "*C formaldehyde in water (2.0153 g of so-
lution, 20 wt%, 13.43 mmol) in an ice bath. Afterwards, hy-
drogen peroxide was slowly added (1.7871 g of solution,
50 wt%, 26.28 mmol) and later, anhydrous citric acid
(0.6817 g, 3.55 mmol). HMTD started to precipitate within
2 h, in contrast to the 5 to 6 h required without formalde-
hyde. The reaction was allowed to continue overnight as
the ice bath warmed up. Aliquots of the reaction mix were
taken every 0.5 h for 4 h after the addition of the acid, and
the final aliquot was taken 27 h later. The crude HMTD was
vacuum-filtered, washed with distilled water (ca. 200 mL) to
remove acid and HPLC grade methanol (ca. 200 mL) to aid
drying (dried several hours by vacuum filtration).

2.4 Synthesis of HMTD with >N Ammonium Sulfate

HMTD was synthesized from ice-cooled hydrogen peroxide
(2.4082 g, 50 wt%, 35.42 mmol) with slow addition of hex-
amine (0.6061 g, 4.33 mmol) and later addition of anhy-
drous citric acid (0.9146 g, 4.76 mmol). After the citric acid
dissolved, "N ammonium sulfate was added (0.2874g,
2.17 mmol). After 4 to 5 h, HMTD began to precipitate from
the cold solution. The reaction warmed to room tempera-
ture overnight, and crude HMTD was vacuum filtered,
washed by gentle agitation with distilled water (ca. 200 mL)
to remove acid, then HPLC grade methanol (ca. 200 mL) to
aid drying. It was left to dry several hours on the vacuum
filter. The crude HMTD yield was about 60% (assuming
1:1 molar ratio hexamine:HMTD).

2.5 Synthesis of °N Hexamine and HMTD Decomposition
Products

Pure N hexamine was synthesized by adding formalde-
hyde (1.7463 g solution, 37 wt%, 21.54 mmol) to "N am-
monium  hydroxide (23117 g  solution, 10.4 wt%,
13.36 mmol) at 40°C, using a procedure from Nielsen [8].
The reaction mixture was stirred for 2 h, methanol (2 mL)
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was added, and the water/methanol solution was removed
by evaporation at 40°C. The crude hexamine was purified
by sublimation at 185-200°C; a water aspirator was used
to maintain the vacuum. The purified hexamine (397.6 mg,
2.76 mmol) had a melting /sublimation point at 265-275°C
(by Mel-Temp apparatus). GC/MS (gas chromatography
with mass spectrometric detection) (144 m/z), infrared spec-
troscopy (IR), and '"H NMR (CDCly): 6=4.73, showed good
purity. Stirring formaldehyde and formamide at ambient
conditions for a day yielded N-(hydroxymethyl)formamide
(m/z 75, Table 3 entry 3.2) along with hexamine [9]. The
synthesis of 1,3,5-triformylhexahydro-s-triazine (m/z 171,
Table 3 entry 3.11) was accomplished by adding acetic-
formic anhydride to hexamethylenetetramine at room tem-
perature, using the method of Gilbert [10]. Tetramethylene
diperoxide diamine dialdehyde (TMDDD) was synthesized
by the route of Wierzbicki [5]. N,N-methylenebisformamide
(m/z 102, Table 3 entry 3.5) was purchased from Aldrich.

2.6. Synthesis Conditions of HMTD with a 1-to-1 Mix of *N
and N Hexamine

HMTD was synthesized by adding "N hexamine (304.0 mg,
2.17 mmol) and "N hexamine (304.0 mg, 2.11 mmol) to hy-
drogen peroxide (240779 of solution, 50 wt%,
35.41 mmol). Anhydrous citric acid was added (0.9154 g,
4.76 mmol), and the reaction mixture was allowed to stir
overnight as the ice bath warmed up. Aliquots were taken
every hour until the HMTD precipitated after 6 h. The final
aliquot of the reaction mix was taken after 19 h. The crude
HMTD was vacuum-filtered, washed with excess distilled
water (ca. 200 mL) to remove acid, then HPLC grade metha-
nol (200 mL) to aid drying, and left to dry several hours on
the vacuum filter.

2.7 Isothermal Decomposition

HMTD was aged neat and with additives of interest. Typi-
cally samples, about 20 mg total, were heated at 60°C or
80°C in an oven for varying lengths of time. For testing the
compatibility of HMTD with common reagents, liquids
(200 uL) were added to some samples and solids (ca.
3.5mg, i.e. 15wt%) were added to other samples. Most
samples were stored in open vials which were sealed inside
larger (10 mL) headspace vials (with humidity controlling
solution between inner and outer vial) or held in humidity-
controlled desiccators. Other samples were sealed directly
in 10 mL headspace vials with no attempt to control hu-
midity. Humidity was controlled with Drierite [considered
0% relative humidity (RH)], saturated MgCl, (considered
30% RH), saturated NaCl (considered 75% RH), and distilled
water (considered 100% RH) [11]. At the completion of the
aging cycle, vials were opened under 20-40 mL of acetoni-
trile. If the HMTD additive was an aqueous solution, mag-
nesium sulfate was added to the sample as a drying agent;
if the additive was acidic or basic, sodium hydrogen car-

www.pep.wiley-vch.de 335


www.pep.wiley-vch.de

Full Paper

bonate was added to neutralize. The acetonitrile solution
was sonicated for at least 30 min and vortex mixed for
1 min. If the solutions were cloudy, they were syringe fil-
tered into vials for analysis.

2.8 Decomposition of HMTD with ®N Ammonium Sulfate

N ammonium sulfate at 15 wt%, was added to HMTD
(20 mg), and the mixture was heated at 80°C under dry
conditions or at 60°C under 75% RH. After thermolysis,
samples were extracted with 30 mL of acetonitrile and ana-
lyzed by GC/MS and on LC/MS (liquid chromatography
with mass spectrometric detection) in order to monitor in-
corporation of "N into the condensed-phase decomposi-
tion products.

2.9 Decomposition of HMTD with Deuterium Oxide High
Humidity

HMTD (20 mg) was heated at 60°C in a small vial, which
was sealed in a 10 mL headspace vial with 1 mL of deuteri-
um oxide (D,O) between the inner and outer vials so that
HMTD did not directly make contact. HMTD was decom-
posed in a similar configuration with a saturated NaCl/D,0
solution (analogous to 75% RH conditions) between outer
and inner vials for 5 d. The pH of the D,O and analogous
experiments with water was found to be highly acidic (pH
of 1). These samples were extracted with acetonitrile
(30 mL), and run on GC/MS and on LC/MS to track the ex-
change of deuterium into the condensed phase decompo-
sition products. Headspace analysis was also conducted ac-
cording to the method described in section 2.13 using
SPME. NMR ('H and "C) of the D,0 in the vial was used to
identify formic acid (HCOOH). '"H NMR (D,0): 6=8.13 (s,
1 H). ®C NMR: 6 =167.25.

2.10 Differential Scanning Calorimeter (DSC)

DSC samples were prepared by measuring 150 to 200 pg of
sample into a glass capillary tube, which was then flame
sealed. For samples with an additive, 5 to 30 wt% additive
was gently stirred into a 20 mg HMTD sample, and this
mixture was placed in the capillary tube. If additives were
liquid, 2 uL of the liquid was added to 150-200 ug of
HMTD, and then sealed in capillary tubes. The sealed
micro-ampules were weighed before and after DSC analysis
to verify no leakage during testing. Samples were run on
a TA Instruments Q100 DSC from 25 to 300°C with a ramp
rate of 20 Kmin' in a nitrogen flow. Results were pro-
cessed via TA's Universal Analysis software.

2.11 Monitoring Rate of HMTD Formation

Aliquots (100 pL) were removed and diluted with 5 mL of
HPLC grade acetonitrile with sodium hydrogen carbonate
and magnesium sulfate added to neutralize acid and dry
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the solvent, respectively. This mixture was then diluted
1/10 v/v and analyzed by GC/MS.

2.12 Condensed Phase Analysis - GC/MS

Analysis of the acetonitrile samples, generated as described
above, was accomplished using an Agilent 6890 gas chro-
matograph with a 5973 Mass Selective Detector (GC/MS)
equipped with a Varian VF-200ms column (15 m x0.25 mm).
Two different GC/MS methods were used, one for quantifi-
cation of HMTD and one for qualitative analysis of more
volatile compounds. Common to both methods were the
following: inlet and transfer line temperatures were main-
tained at 150°C, the inlet was kept in splitless mode; flow
rate, constant at 2.5 mLmin~', and the post-run oven tem-
perature was always 310°C for 3 min. The oven tempera-
ture program for the quantification method of HMTD start-
ed at 120°C, and was held for 1 min, ramped 20 Kmin' to
140°C and was held for 2 min, and then ramped 10 Kmin™'
to 250°C. The mass spectrometer scan parameters for the
quantification of HMTD were from 50-350 m/z at a rate of
4.72 scans per s. The oven temperature program used for
qualitative analysis (i.e. product identification) started at
50°C and was held for 1 min, ramped 20 Kmin~' to 140°C
and was held for 2 min, then ramped 10 Kmin~' to 250°C.
The mass scan parameters were from 15-450 m/z at a rate
of 3.35 scans per s.

2.13 Headspace Analysis - GC/MS

Headspace of the HMTD was sampled via gas-tight syringe
(5 uL or 1 mL) or solid phase microextraction (SPME) fiber
(SUPELCO fused silica coated with 65 um of PDMS/DVB).
The former was used for permanent gases; the latter for
volatile amines. SPME fibers were flushed under helium
45 min at 250°C prior to use. They were exposed to the
samples for at least 3 h at room temperature and analyzed
using a Thermo GC Ultra-ISQ GC/MS equipped with a Pora-
Plot Amines column (25 mx0.32 mm) and a 2 m particle
trap. Initial oven temperature was 100°C, with a 20 Kmin™'
heating ramp to 220°C where it was held 20 min. Inlet tem-
perature was 220°C; and column was used in constant
pressure mode (10 psi). MS scans were from 35-200 m/z at
5 scans per s; transfer line and source were at 220°C. Per-
manent gases were analyzed with an Agilent 6890 GC with
5973 MS detector with Mol sieves 5A Plot column (10 m X
0.32 mm); initial oven temperature was 70°C for 1 min, fol-
lowed by a 50 Kmin~' ramp to 300°C and held there for
15 min. Transfer line was set at 300°C; the flow rate, at
2.5 mL min~". Two injection methods were used. A 5 pL in-
jection with 5:1 split ratio was used to detect O, and N,
signals; a 1 mL injection with a 1:1 split ratio was used for
traces of other small molecules. The mass spectrometer
scan parameters were from 10 to 100 m/z at12.89 scans
per s.
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2.14 Condensed Phase Analysis - LC/MS

Liquid chromatography/mass spectrometry (LC/MS) analysis
was conducted using modified procedures recently pub-
lished [12]. HMTD samples were typically provided as ap-
proximately 1 mgmL™" solutions in acetonitrile. Samples
were diluted by placing 10 pL of this solution into 1T mL of
50/50 (v/v) acetonitrile/water. Injections of 20 uL (ca.
200 ng) were made onto the HPLC/MS system. Data collec-
tion and analysis was performed with Thermo Xcalibur soft-
ware version 2.2, SP 1.48. Using a Thermo Electron (Frank-
lin, MA, USA) Exactive Orbitrap mass spectrometer affixed
with an atmospheric pressure chemical ionization (APCI) in-
terface, positive ions were produced and introduced into
the instrument. Tune conditions were as follows: spray volt-
age 5000 V; capillary temperature 140°C; sheath gas (N,)
30; auxiliary gas (N,) 15; heater temperature 160°C; capilla-
ry voltage 40 V; tube lens 160 V; and skimmer, 15 V. Units
for sheath and auxiliary gas flow are arbitrary. Liquid chro-
matography was performed using a Thermo Electron
Accela quaternary pump. Sample injections were per-
formed by a CTC Analytics (Zwingen, Switzerland) HTS PAL
autosampler.

Due to the highly polar nature of the decomposition
products, three methods were employed to identify these
compounds. Initial reverse phase chromatography used
a Thermo Scientific (Franklin, MA, USA) Hypersil C-18 (2.1x
100 mm, 5 um) column. This method consisted of an initial
mobile phase of 95% solvent B (0.1% acetic acid) and 5%
solvent C (acetonitrile). It was held for 2 min and then line-
arly ramped to 5% B and 95% C over 18 min. This was
held for 2 min, returned to initial conditions over 1 min and
the re-equilibrated for 5 min. A second HPLC system was
developed for optimum analysis of HMTD and hexamine; it
employed an Advantage PFP column (100x2.1 mm, 5 um)
(Analytical Sales & Service, Pompton Plains). In order to
gain some retention of hexamine, neutral pH conditions
were preferable, but this caused broadening of the HMTD
peak shape. To remedy this problem, three different mobile
phase solvents were used to provide both pH and solvent
strength gradients. Initially, 95% solvent A (10 mM ammo-
nium acetate, pH 6.8) and 5% solvent C (acetonitrile) were
held for 3 min following injection to retain hexamine. The
system was rapidly ramped to 85% solvent B (0.1% acetic
acid), 5% solvent A, and 10% solvent C over the next
3 min. Organic levels increased slowly for 9 min to 35% C,
60% B and 5% A, then rapidly for 3 min to 90% C and 5%
of both A and B. This was held for 2 min before returning
to initial conditions and re-equilibrated for 5 min prior to
the next injection. Although this method revealed HMTD
and most of the decomposition products, e.g. hexamine,
a substantial number of species were still so polar that they
were negligibly retained by this method. A third system
employed an aqueous normal phase method using an Ana-
lytical Sales and Service Advantage 100 Silica column
(150 mm x 2.1 mm, 5 um). Initial conditions of 95% solvent
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C and 5% solvent D (methanol) were held for 2 min before
ramping to 5% C and 95% D over 6 min. Solvent C was re-
placed with solvent B over 1 min and then ramped to 60 %
B to 40% D over 10 min. After holding this for 2 min, it was
ramped back to 95% D and 5% B over 2 min, then 95% D
and 5% C over 1 min. Initial conditions were returned over
2 min and held for 5 min before the next injection. This
method required the use of electrospray ionization (ESI);
however, this ionization mechanism is not optimal for
HMTD detection.

3 Results and Discussion

Previously reported were thermal decomposition kinetics of
HMTD determined by manometry (E, 107 kJmol™' and A=
4.21x10" s™") and HMTD fragmentation by electron impact
mass spectrometry [13-15]. Herein, we examine factors,
which influence the stability of HMTD. It is the standard
protocol of this lab that following synthesis a purification
step is performed to promote stability. Unfortunately,
HMTD had only limited solubility even in the most polar
solvent requiring large volumes of ethyl acetate and aceto-
nitrile for recrystallization, which were almost impossible to
remove completely from HMTD. For that reason, many of
the studies were conducted with both crude and recrystal-
lized HMTD to ensure the presence of trace solvent had
not biased results.

3.1 HMTD Headspace

Since HMTD decomposition was readily observed at 60°C,
significant decomposition at ambient temperature was
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 ana-
lyzed by GC/MS. When HMTD was heated for a week at
60°C in 30% relative humidity, or under a variety of condi-
tions, the predominant decomposition products observed
in the headspace were trimethylamine (TMA) and dimethyl-
formamide (DMF) with trace quantities of ethylenimine
(EN), methyl formamide (MFM), formamide (FM), and hex-
amine. When moisture was present 1-methyl-1H-1,2,4-tri-
azole and pyrazine were observed. Figure 1 shows that
these compounds were found in headspace of HMTD
sample stored at room temperature for one year. In addi-
tion, while permanent gases, oxygen and nitrogen, were
not found, carbon monoxide and carbon dioxide occurred
in significant amounts. HMTD was not observed in the
headspace by GC/MS under dry, moist, acidic, or basic con-
ditions. Since HMTD could be identified in ACN solutions,
either HMTD content in headspace was below the detec-
tion limits of our GC/MS system or due to its reactivity, oc-
currence was not sustainable in the headspace.
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Headspace Chromatogram (via SPME) of HMTD Recrystallized, ethyl acetate (EA)
Stored for 1 Year at Room Temperature
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Headspace Chromatogram (via SPME) of Crude HMTD
Stored for 1 Yearat Room Temperature
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Time (min)
Figure 1. HMTD headspace chromatography [trimethylamine

(TMA), dimethylformamide (DMF), ethylenimine (EN), methyl forma-
mide (MFM), formamide (FM)].

3.2 Effect of Additives on HMTD Decomposition

The effect of additives on HMTD stability was screened by
DSC. A general trend was readily observed: acids lower the
temperature at which the exothermic maximum appeared
(Table 1). We had previously demonstrated that concentrat-
ed mineral acid could be used to destroy HMTD [16]. We
and others also observed that aqueous basic solutions rap-
idly decompose HMTD [17]. To determine the effect of
select additives without water, HMTD was held at 60 °C for
a week at 30% RH, and of these additives, only citric acid
markedly accelerated HMTD decomposition (Table 2). The
fact that water and citric acid, both used in the synthesis of
HMTD, lowered its thermal stability markedly 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 the gas phase.

3.3 Effect of Humidity on HMTD Decomposition

In 1924, it was reported “that H. M. T. D. is stable at temper-
atures up to at least 60°C; it is not affected by storage

Table 1. Effect of solid additives on HMTD stability.

30%RH 60°C 1 week
HMTD Solid | Average %
Additive (15%) | Remaining
None 87
NaHCO; 87
KH,PO, 96
NaOH 75
KTButoxide 80
Citric Acid 13
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HMTD % Remaining at 60°C Vs. Relative Humidity
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Figure 2. Effect of humidity on HMTD.
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under water; but it is slowly affected when subjected to
high humidity at maximum summer temperature... It is
practically non-hygroscopic” [17]. Since DSC results did not
support this statement, samples of crude HMTD were held
at 60 °C with fixed humidity values of 0, 30, 75, or 100% RH
and monitored each week for four weeks (Figure 2). After
two weeks, the samples of HMTD at high relative humidity
(i.e. 75% RH and 100% RH) were completely degraded;
HMTD was not observed by GC/MS.

In Figure 3 the effects of humidity on crude and recrys-
tallized HMTD are particularly informative. Crude and re-

Crude HMTD Relative % Remaining Vs. Time at 60°C
110

100 @ []
a0 . n
= * [ ]
£ o0
=
B .
2 80
=
&2 55 *75%RH
-
z * =Dy
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*
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0 1 2 3 4 5 6 7 8
Time (days)

Recrystalized HMTD Relative % Remaining Vs. Time at 60C
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£ s BDry
- *
Z 40
E 30
= 0 ¢
10
[
0 2 4 6 8 10 12 14 16

Time (days)

Figure 3. Effect of humidity on crude and recrystallized HMTD.
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Omnset | Exotherm
Temp. of| Temp. Heat
pK, of | pKy of |Exotherm| Maximum |Released
Material Additwe | Addtwe | (°C) (°C) (J/g)
18.2MQ H,0 14.0 0.0
HMTD Crude N/A N/A 159 161 2100
HMTD Rec 70/30 EA/ACN N/A N/A 168 171 3200
HMTD + Aqueous Solution
HMTD Crude + 2ul H,O N/A N/A 136 140 3100
HMTD Rec 70/30 EA/ACN + 2ul H,O N/A N/A 140 143 3200
HMTD Crude + 2ul pH4 Buffer N/A N/A 126 129 3700
HMTD Crude + 2ul pH7 Buffer N/A N/A 134 137 3300
HMTD Crude + 2ul pH10 Buffer N/A N/A 137 139 3100
HMTD + Solvents
HMTD Crude + 2ul ACN N/A N/A 152 178 3000
HMTD Crude + 2ul Benzene N/A N/A 166 172 3200
HMTD Crude + 2ul EtOH N/A N/A 153 164 2800
HMTD Crude + 2ul EtAc N/A N/A 156 169 2300
HMTD + Sohd Acids
MR G T RILED T 72 | 68 | 16 | 165 | 2100 |
HMID Crude + KH Phthalate 15% | o L8 0l e 1900 |
HMTD Crude + Benzoic Acid 15% 42 9.8 155 160 2600
HMTD Crude + Ascorbic Acid 15% 4.0 10.0 146 148 2000
HMTD Crude + Citric Acid 15% 31 10.9 134 137 2300
HMTD Crude + Sulfaniic Acid 15% 30 11.0 122 125 2400
HMTD Crude + O Phthalic Acid 15% 29 11.1 143 145 2000
HMTD + Sohd Bases
HMTD Crude + Melamme 15% 5.0 9.0 158 159 2000
HMTD Crude + NaHCO; 15% 6.4 17 163 164 1300
HMTD Crude + KH,PO; 15% - 6.8 163 165 | 2100
i 0.0 162
HMTD Crude + K Tertbutoxide 15% 17.0 -3.0 159

#¥NaHCO; has an endotherm which lowers the total heat released

crystallized HMTD stored dry at 60°C undergo only slight
decomposition while samples stored at high humidity (i.e.
75% RH) experience significant decomposition.

3.4 Mass Spectral Analysis of Condensed-Phase Synthesis
and Decomposition Products

HMTD was heated at 60°C under various conditions. Prod-
ucts were examined by GC/MS and LC/MS; and assign-
ments are shown in Table 3 and Table 4, respectively. As-
signments are based on comparison with the authentic
samples [entry 3.2, 3.5, 3.8, 3.11, 4.2, 48, 4.15, 4.22, and
HMTD] and on the high resolution mass spectrometric re-
sults, where compositions could be assigned to within
5 ppm of their calculated mass (Table 4). 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 un-
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dergo further reaction, such as an aldehyde-amine conden-
sation. The observed substituted triazine species (entry
3.10, 3.11, 3.12) and those containing four nitrogen atoms
have been reported to be products of hexamethylenetetra-
mine (hexamine) reactions [8, 10, 18]. Indeed, hexamine was
found when HMTD was decomposed at 60°C with 75% or
100% RH or with added water or acidic buffer. Only tetra-
methylene diperoxide diamine dialdehyde (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 HMTD decomposition, we speculated the
degradation products formed hexamine. Hexamine is made
from ammonia and formaldehyde, and the route is via hex-
ahydro-1,3,5-triazine [8,19]. The conversion of hexamine to
2,4,6-cyclotrimethylene-1,3,5-trinitramine (RDX) has been
the subject of several studies. Thermal degradation of hex-
amine forms hexahydro-1,3,5-triazine, octahydro-1,3,5,7-tet-
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razocine, and 1,3,5,7-tetrazabicyclo-[3.3.1]-nonane [20].
Bachman found that performing the nitration of hexamine
in acetic anhydride with ammonium nitrate allowed two
moles of RDX to be produced rather than one via direct ni-
tration [21]. The question was whether the extra RDX came
from fragments of hexamine or nitramines CH,NNO, or di-
rectly from hexamine. On the basis of the observed by-
products, Aristoff et al. concluded that degradation of hex-
amine, itself, and not combination of smaller fragments,
was the route by which RDX is formed [22]. Gilbert also
confirmed this later by showing that RDX can be obtained
by the direct nitrolysis of substituted triazine rings [10].

In the synthesis of HMTD from hexamine the question of
stoichiometry arises. 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 formaldehyde
was added to the reaction mixture, yields of greater than
100% (based on one HMTD to one hexamine) were ob-
served, and the reaction rate increases (precipitation of
HMTD started to occur in 2 h compared to 5-6 h without
formaldehyde). Equation (2) describes that reaction and
may also describe what occurs when no extra formalde-
hyde is added and the reaction must wait for the degrada-
tion of part of the hexamine to form formaldehyde
(Figure 4). Indeed, hexamine is frequently used as a source
of formaldehyde [18,23].

J. C. Oxley et al.

Although not shown in the above reactions, without
citric acid formation of HMTD takes days. Furthermore, the
reaction is sensitive to the type and amount of acid
(Table 5). Diprotic (sulfuric and oxalic) and triprotic (phos-
phoric) acids could be used as direct replacements for citric
acid. Monoprotic acids (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 merits further
examination.

If HMTD is formed when hexamine breaks into smaller
fragments, then it should incorporate carbon and nitrogen
from outside sources. When HMTD synthesis was per-
formed with *C formaldehyde solution, the label appeared
in both the HMTD (m/z 209, 210, 211, 212, 213) and the
hexamine (m/z 140, 141, 142, 143, 144) early in the reaction
(42 min when precipitation was observed in 2 h). A possible
explanation is formation of bis(hydroxymethyl) peroxide
(BHMP) and its incorporation into HMTD (Figure 5). Incorpo-
ration of formaldehyde into the hexamine can be explained
by looking at the first two steps of decomposition of hex-
amine (Figure 4). Excess formaldehyde may push this reac-
tion in the reverse direction. However, HMTD synthesized
in the presence of "*N-labeled ammonium sulfate, showed
little incorporation based on GC/MS and LC/MS results.

In contrast to the lack of "°N incorporation during HMTD
synthesis, it was found that under humid decomposition
conditions, the "N label was observed in the decomposi-

CeN,H 3H,0, — C4N,H,,04 + 2NH 1 . .
shalhz 1+ 3120 sN2M1206 -+ 2N (M tion products (entries 4.2, 4.12, 4.13, 4.14, 4.15, 4.17, 4.20)
as well as in hexamine (single, double, triple, and quadruple
C¢N4H,, + 6H,0, + 6CH,0 — 2C,N,H,,04 + 6H,0 (2) label). Yet, when the same decomposition conditions were
.H
N H0
N H,0 < N’ 0 H,0 o) NH HN"NH
j Y + + A +
N NN H)kH C. N
N H* KN) H H H H H
H
H™Y
P NH /  NH H,N9 OH  slow
HN™ “NH ) ‘ ND O o)
P — 38 x| C = W O+ NH \]
W " \ 1" " " /
\ 0
Figure 4. Proposed hexamine decomposition.
N o NH o
N O, 4 J o+ 2 ¢+ 2NH x| 2 ] + HO-OH —= Ho o O~OM )
N N H™H H H \ HH
h BHMP
) (e
H" NH . = NH
2 & HO-OH A . — HN_0-0.NH:
o “\H P HoHA_HAH BMAP
“‘\' “/VA
H0.).0-0 (oH Ha o 0\\/9: 00—
{ )y — OO ) N_o0o"N
H,N o. NH, HN NH \ 50"
2N 0-0 \“0-0-
TMDD

Figure 5. Formation of HMTD from completely dissociated hexamine.
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Table 3. Decomposition products GC/MS.

# vz Identity amount | conditions

H DRY (0 %RH) &
3,1 73 L HUMID (>75 %RH)
ci
kN /\OH MATCHED TO AUTHENTIC
H SAMPLE; MAINLY SEEN IN
32 75 L HUMID CONDITIONS
J/ OH
O\/ N \/O
MAINLY SEEN IN HUMID
33 103 M CONDITIONS
/TN
— |
\_—-©

MATCHED TO AUTHENTIC

3,5 84,102 L SAMPLE; DRY CONDITIONS

DRY CONDITIONS

BOTH IN DRY & HUMID

37 178 S CONDITIONS

MATCHED TO AUTHENTIC
SAMPLE; MAINLY SEEN IN
N HUMID OR ACIDIC
CONDITIONS

N—" MATCHED TO AUTHENTIC
o=/ SAMPLE; MAINLY SEEN IN
HUMID CONDITIONS

MAINLY SEEN IN DRY
S CONDITIONS

performed dry, no hexamine was formed and the decom-
position products 4.2 and 4.14 showed no label incorpora-
tion.

In deuterium oxide, HMTD decomposition products tri-
methylamine, dimethylformamide, hexamine, and triazines
showed little incorporation of deuterium (m/z 157, 171
etc.). This suggested that hydrogen transferred during the
decomposition was from the original HMTD molecule.
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A mechanism for HMTD formation was proposed on data
from isotopic ratio mass spectrometry [24]. Because it re-
quired the formation of a triperoxy tertiary amine and pro-
tonated methylene imine, we sought alternative proposals.
Tentative proposals are illustrated in Figure 5 and Figure 6.
In Figure 5 hexamine is broken into small molecules, and
from the formaldehyde/hydrogen peroxide reaction bis(hy-
droxymethyl) peroxide (BHMP) is formed, while from the
imine/ hydrogen peroxide reaction bis(methylamine) perox-
ide (BMAP) is formed. The latter reacts with 2 molecules of
BHMP, forming tetramethylene diperoxide diamine (TMDD)
as an intermediate, to create HMTD. The mechanism in
Figure 6 also postulates the formation of BHMP but allows
hexamine to remain moderately intact until fairly late in the
reaction. Both mechanisms speculate that the reaction pro-
ceeds to HMTD faster in the presence of excess formalde-
hyde because formation does not require initial degrada-
tion of hexamine into 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 [25]. It is likely this species
was generated in situ in the reported syntheses of several
caged peroxides having planar bridgehead nitrogen atoms
[26]. Once a methylene is lost from hexamine as formalde-
hyde the resulting octahydro-1,3,5,7-tetrazocine would be
subject to rapid ring inversion and isomerization from
which BHMP could bridge across two nitrogen atoms.

To discriminate between the mechanisms proposed in
Figure 5 and Figure 6, synthesis of HMTD was done with
a 1 to 1 mixture of N hexamine and "N hexamine. If the
formation of HMTD proceed through the route shown in
Figure 5, then complete 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 to 2 to 1 ratio. Indeed that was
what was observed (Figure 7).

To shed light on the question of how HMTD decompos-
es, density functional theory (DFT) calculations were per-
formed. The initial sequence of steps in the decomposition
of a single HMTD molecule is described in Figure 8. Energy
differences of the transition states and entropies of the var-
ious species along the decomposition pathway were calcu-
lated relative to the energy of the nearest intermediate or
reactant to show energy barrier and entropy change for
each decomposition reaction step. The calculations were
carried out for both gas phase molecule (values without
parenthesis) as well as for a solvated molecule in water
(values in parenthesis). The structure and properties of the
various intermediate species along the decomposition
pathway are summarized in Table 6.

(1) First step via TS1 consists of O—O bond opening to-
gether with hydrogen atom transfer from the methylene
group (CH,) near one of the oxygen atom to the oxygen
atom farther away. The transition state is an open shell sin-
glet state (bi-radical). This is the rate-limiting step in the de-
composition process. Following TS hydrogen transfer, O—O
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Table 4. Decomposition products LC/MS.

Table 4. (Continued)

J. C. Oxley et al.

2 M=H] Identity amount jempirical formula [M=H]" 2 [Dv=H] Identity amount {empirical formula [M=H]
/ —o
—N o}
=0 \\—N/_ N>
41 74,0004 L C3HSON . C6H1003N3
o o N\= MATCHED TO
| [ 415 1720712 0 L | AUTHENTIC SAMPLE
P C3H702N2 pro
N N MATCHED TO N
12 103,0501 L | AUTHENTIC SAMPLE < _\NJ
0 N—"
L — :
416 172,1078 o s C7HI402N3
N/\OH o
_\N—\ OH
43 106,0499 Off s C3HSO3IN < _/N—/
0 0 Gti
”\ | 417 174,0873 M C6H1203N3
”/\N
| N N NN
m 117,0659 L C4H902N2 | | |
(|’ 41 1741235 s CTHI602N3
e —N—\
N N o N o]
45 117,102 l | L CSHI30N2 \—N N—/
3 gl
419 185,103 s CTHI302N4
Ho/\”/\u)‘\m e P
46 120,0768 S C3H1002N3 M\ jN/\o
o o <N )
MN . | 420 201,0982 o=/ L CTHI303N4
H Y
l\on oM 7« H H
47 133,0608 S C4H903N2 NN 0
KN\| 421 205,0931 Ho s CG6HI1304N4
5 o
N‘(\/N C6H13N4 0/\N/\o/
N—/ MATCHED TO o
48 141,1131 L | AUTHENTIC SAMPLE O C6H1106N2
o MATCHED TO
N i 207,0611 T™MDDD] M | AUTHENTIC SAMPLE
0 o
O NN N TN
49 1440768 M CSHI002N3 423 209.0768 o—o HMTD! M C6H1306N2
o} o]}
| |
L~/
|
4.10 145,0608 o M CSH9O3N2
/N Table 5. HMTD reactions with additives with scaled yield of 0.5 g.
N ON=
LNJ Mol Ratio | Mol Ratio
41 155,1289 M CTHISN HMTD - of HP Acid ) Purity by
Reaction # Addtive (“84w%): | (Citrio): | Y9 MPCO | goms
N :
\\ ; / _\ Hexamine | Hexamine
N 5 citric acid 8 1.1:1 44.5 | 149-150 | 87.4
412 157,1083 L C6HI3ON4 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
N/_N> 14| anhydrous oxalic acid 8 1.1:1 45.0 | 151-153 | 94.4
J 1585% o-phosphoricacid| __8 111 | 269 | 149-150 | 91.3
. - —o " S 32| 50% sulfuric Acid 8 L1:1 | 505 [ 152158 | 98.2
o=\ 13|  glacial acetic acid 8 1.1:1 7.4 | 152-153 | 94.3
N—\ 30|  glacial acetic acid 8 22:1 33.1 | 151-156 | 100.0
(o 21[ 8% formic Acid g LIl | 63 | 154158 | 045
JN 25|  88% formic Acid 8 2.2 43.5 | 153-154 | 100.0
414 1600717, i L CHI003N3 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
Km. #2 00 acid 8 0:1 9.5 | 148-149 | 89.5
Km. #3 00 acid 8 0:1 7.2 | 152-160 | 92.4
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Figure 6. Formation of HMTD from intact of hexamine.
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Figure 7. Mass spectrum of HMTD formed from a mixture of N-14 and N-15 labeled hexamine.

bond ruptured results in formation of —OH and —C=0
groups, respectively, in INT1.

(2) Second step via TS2 is similar to the first step (1) and
leads to rupture of second O—O bond and a second hydro-
gen transfer to form two new —OH and —C=0 groups in
INT2.

(3) Third step via TS3 involves an N—C bond opening
concerted with hydrogen atom transfer from oxygen atom
in CH,OH group to oxygen atom in —CH=0 group to yield
INT3 and a formaldehyde molecule.

The following step in this pathway is the decomposition
of INT3 into two new species or isomerization into a 7-
member ring as shown in Figure 9. The formation of two
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radials, INT4 and INTS5, is favorable according to the entropy
changes; however, INT6 formation should be favorable due
to a lower energy barrier to overcome.

Next, we considered the decomposition of the HMTD
molecule in an acidic environment. A proton can attach to
either an oxygen atom or a nitrogen atom. Protonated
HMTD forms spontaneously without an appreciable energy
barrier. When a proton is attached to one of the nitrogen
atoms, the first step in decomposition of the cation will
proceed via a C—N bond rupture. The energy barrier associ-
ated with this event is much higher than that obtained for
the first step in the decomposition of a protonated oxygen
atom in the HMTD molecule. Moreover, the barrier associat-
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Figure 8. Decomposition route of an isolated HMTD molecule. Energy barriers and energies of intermediates for a gas phase molecule are
without parenthesis while values of solvated molecule (in water) are in parenthesis.
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Figure 9. The next steps in the decomposition of an isolated HMTD molecule. Energy barriers and energies of intermediates for a gas
phase molecule are without parenthesis while values of solvated molecule (in water) are in parenthesis.

ed with the oxygen atom protonation is also smaller than
the magnitude of the energy barrier associated with TS1 in
Figure 8. A summary of the energy barriers related to the
possible initial steps in the different decomposition
schemes are shown in Figure 10. In the case of oxygen
atom protonation we revealed two possible decomposition
routes that are denoted as path A and path B. The inter-
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mediates for these two paths are named INTHOA and
INTHOB, respectively. The main difference between these
two decomposition routes is that path A proceeds via C—O
bond opening, whereas path B occurs via O-O opening. A
summary of the structures and properties of all the inter-
mediate species along path A and path B are described in
Table 7 and Table 8, respectively.
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Table 6. Structure and properties of intermediate species observed
during the decomposition of a gas phase HMTD molecule. The cal-
culations were performed using PBEOPBE1/cc-pVDZ level of theory.
Energy values in kcalmol ™, entropy values in calK~"mol™".

structure

name

Kmetic &
thermochemical

Reaction step
producing
intermediate

1] 208

C6H1206N2

INT

AE” =32.5 (30.2).
AS®=8.1

AE et =-57.4 (-
65.7). ASgeact = 9.1

One O-O bond opening
together with H-atom shift
from methylene group to
oxygen

HMTD — INT1

C6H1206N2

INT2

AE* =27.3(26.8),
AS*=8.9

AE, ey = - 68.3 (-
69.0). AS;eact = 7.3
relative INT1

AEeae =- 131.5 (-
134.6). ASpeqct = 16.4

relative HMTD
Second O-O bond opening
together with H-atom shift
from methylene group to
OXy gen

INT1 — INT2

C5H1005N2

AE eyt = 27.2 (28.7),
AS eact = 8.7 relative
INT2

AE qr == 104.2 (-
105.9). AS;eact = 25.0)

INT2— — INT3+
H,CO

relative HMTD

INT4 + INTS
AE" =24.8 (24.0).
AS®=3.6
ARt =22.1 @1:6); Iners  nirae
ASeqct = 10.9 relative |INT3
INT3

. C3H603N
o} (radical)

] C2H402N
(radical)

AE" =10.9 (11.3).
AS*=-6.8

AEeqet = 0.1 (-0.1).
No—o AS,eact = -6.6 relative
INT3

C5H1105N2 |INT6 INT3 — INT6

As stated above, protonated HMTD is formed spontane-
ously without any appreciable energy barrier. The rupture
of a C—O bond occurs with a minor energy barrier of
approx. 3.5 kcalmol™' (path A). The formation of INT2HOA
requires overcoming a slightly larger energy barrier; but
this barrier is much smaller than that required for HMTD
decomposition as a gas phase molecule, TS1. Additional
steps in the decomposition of INT2HOA require surmount-
ing a barrier of about 35 kcalmol™'. However the presences
of anions in the solution suggest another possible pathway.
The third intermediate, INT3HOA is formed following the
stabilization of INT2HOA by an anion (OH in this case). This
neutralization is accompanied by a large energy release. If
the OH™ is replaced by H,O, only a very low barrier is ob-
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without or very
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Figure 10. Scheme showing all the possible initial decomposition
steps of HMTD molecule in different environments.

served. The decomposition of INT3HOA requires overcom-
ing a barrier of about 24 kcalmol™' (see Table7) and it
leads to the formation of two 5-member ring radicals.

The structure and characteristics of the intermediate spe-
cies in path B of HMTD with protonated oxygen are pre-
sented in Table 8. The most important in this route is the
possibility that INTTHOB is neutralized by an anion (several
anions were tested, OH~, Cl-, SO,>", HSO,") to produce
INT1 shown for neutral decomposition in Figure 8 and as
entry 2 in Table 8. This pathway allows one to return to the
neutral HMTD decomposition without the necessity to
overcome a barrier 32.5 (30.5) kcal mol~".

Most neutral intermediates can be protonated without
an appreciable energy barrier. The intermediates described
in Table 8 suggest the possible intermediates with quite
large molar mass similar to those presented in Table 3 and
Table 4. All these decomposition steps proceed without
barriers or with small energy barriers; hence, most of these
species are accessible. The highest barrier is related to the
formation of formaldehyde (entry 6, Table 8). We also
tested the fate of the relatively stable intermediate INT2
(entry 2, Table 6). The structure and properties of the inter-
mediates observed during the decomposition of its proton-
ated form are presented in Table 9.

All the decomposition steps that lead to the formation of
these intermediates proceed via barriers smaller than 3 kcal
mol~'. In most cases a much lower barrier or even no barri-
er is associated with the intermediate. Most of the species
listed in Table 9 are rather small and resemble some of the
species listed in Table 3 and Table 4. Protonation of a nitro-
gen in the HMTD molecule as the initial step was also con-
sidered. The attachment of a proton to nitrogen is pre-
ferred by 2.2 kcalmol™ over its addition to one of the
oxygen atoms in the molecule; however, there are only
two nitrogen atoms compared to six oxygen atoms in an
HMTD molecule. The initial steps in the decomposition of
a nitrogen protonated HMTD are shown in Figure 11.
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Table 7. Structure and properties of intermediate species observed along path A during the decomposition of HMTD molecule with a pro-
tonated oxygen. The calculations were performed using PBEOPBE1/cc-pVDZ level of theory. Energy values in kcalmol™, entropy values in

calK"mol .
Kmetic and
. Reaction st d
# laass structure name thermochemical co:;:::,;pm
characteristics
"
. AE =3.5(-02). [F*MTD
o /0—(;1-12 t . (protonated) —
fHa—g \ AST =36 INT1HOA
H,C—N N=CH2
| \o,_ P—CHz
1| 209] HOO -0 C6H1306N2 |INT1HOA o
AExeact =14 (__ Back reaction 1s
possible with large
1.1). AS,m, =5.9 |probability
C-0O bond openning
m
AE"=10.0 (14.3).
HOC\) cH, /O~CH * AST=6.6
2—0 N\ = -
2| 209] | HL~y N—chH2 cot30682 |Nt2roa |AEreact = 3.9 (6.9). m:HOA
I A S —165 INT2HOA
H,C \O/O A react — -
relative HMTD
protonated
b ,O—CH,
_C CH,—¢ \ INT2HOA + OH'
o—& / N— : :
3| 208 | N it CH2 C6H1206N2 |INT3HOA | Without barrier — INT3HOA
O~d e S “H,0
H, O
AE™ =24.6 (22.6).
> #_
o-C /CHz-o AST=9.1
1 N AE, 0 = 31.9 INT3HOA —
4| 104 o\c/ C3H603N  |INT4HOA eact = 20+ IN43HOA +
Hy (26.2). AS s = INT4HOA
47.5 relative
INT3HOA
+ +
N Mg
HC CHz H:C CHz
/ud \ 7l
o 4 o] o ‘ o]
- & Y o L2 L
- e A d e T4
H.C ] c»\:; HC \—CHz HiC =5CH
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Figure 11. Initial decomposition steps of a nitrogen protonated HMTD molecule.
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Table 8. Structure and properties of intermediate species observed along path B during the decomposition of HMTD molecule with a pro-
tonated oxygen. The calculations were performed using PBEOPBE1/cc-pVDZ level of theory. Energy values in kcalmol™, entropy values in

calK "mol ™.
# [ mass structure name Kmetic & thermochennical Reaction step & comments
. AE" =20.3 (17.2), AS" =8.1
HO, 0—CH,
N CHi_g OH
1| 200 H\é‘N/ e >N“‘°{*’ C6E1306N2 |INT1HOB Ao = TR0 HMTD (protonated) — INTIHOB
2 N 306N2 | rotonated) —
\CH2 O —CH; ASpeat =79
One O-O bond opennmg
‘Without barrier if reagent 15 )
CH INTIHOB + OH — INT1 + H,O
\\: /CHZ_ o \2 /OH OH
HC— N— -
N\ o0— G2 Ifreagent 1s H20 Or
2| 208 CHa_gf CH, C6H1206N2 |INT1
AE =22 (0.9), AS"=-6.5 [INTIHOB+H,0 — INT1 +H;0"
AEresct = 1.0 (-1.4), AS;eqct =
3.9 relative INT1 + H,O
N o o ) INTI + H' — INT2HOB + H,
7 =0 .
3| 207 HC~N\ ., —& C6HI106N2 |INT2HOB |Without barrier H+ attack to carbonm termunated
CHy o 2 CH,0H group
I I W Without barrier INT1 + H — INT3HOB
2—~0  \ / ~OH
4f 200 He—n’ Ny C6E1306N2 |INT3HOB |AE=-2.8 (-8.6), AS =-28.8 [H+ attack to nirogen comnected with
O—CH,
CHz_gf : relative INT2HOB + H, termmated CH,OH group
CHz o
\ - N\ +OH
s 206 | HE—N & C6H1006N2 |INT4HOB | Without barrier INTZHOB + OH — INT4HOB +
e, O—CHz H,0
o¥ o, Oty AE"=22.1(29.5), A" =25
Vi o \.H
6| 170 HC—N M CSH1105N2 |INTSHOB INT3HOB — INTSHOB + H,CO
| bmgOo AEreget = 11.5 (7.4), ASpeaet = g
| 44.5 relative INT3HOB
\ g R INTSHOB + OH — INTGHOB +
178 HC —N N—H CSH1005N2 |INTSHOB |Without barrier 1o '
Yy O CHe 5

The first transition state, TSTHN, requires the system to
overcome an energy barrier of about 28 kcalmol™' or about
20% lower than that required to reach TS1 in gas phase
HMTD decomposition. In TSTHN one C—N and one C-O
bonds start to break together with a rearrangement of the
molecular structure. Surmounting this energy barrier leads
to the formation of a ring shape intermediate that contains
three peroxide bonds. A second energy barrier, with similar
magnitude to the first one, leads to TS2HN and is followed
by ring opening to form INT2HN. This intermediate has two
five member rings attached to each nitrogen atom, each
ring connected by a —O—0—CH,—O—O— chain. Further de-
composition of INT2HN was examined but did not lead to
the formation of stable end products.

We also examined the possible decomposition of HMTD
in a basic solution. A sequence of a few steps with relative-
ly low energy barriers separating them (highest is 17 kcal
mol™") and formation of an intermediate with large
(104 kcalmol™") energy release occurs. During this se-
quence a few formaldehyde molecules were released to-
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gether with the formation of different intermediate species.
The structure and the properties of the different intermedi-
ate species along the decomposition pathway are de-
scribed in Table 10. Thus, HMTD decomposition is also ex-
pected to occur in basic environment as was observed in
the Experimental Section of this study.

4 Conclusions

Since HMTD is destabilized by water and citric acid, it is im-
portant to purify it after initial synthesis. It is recommended
to rinse with water to remove acid, then with methanol to
remove water. Ilgnoring the degrading effects of water and
acid may lead to an unexpected violent reaction during
storage and handling. Precautions for storage should be
taken to see that HMTD remains dry and cold. Work to elu-
cidate mechanisms of HMTD decomposition continues, but
it appears that the headspace of HMTD is mainly trimethyl-
amine (TMA) and dimethylformamide (DMF); these might
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Table 9. Structure and properties of intermediate species observed during the decomposition of gas phase HMTD molecule starting with
a protonated INT2 (see Figure 8). The calculations were performed using PBEOPBE1/cc-pVDZ level of theory. Energy values in kcalmol ™, en-

tropy values in calK™"mol™".

¢ |me Structure Name |Kmetic &Thermochemical Comments
Deconposition starting fromprotonated INT2
HO\ .
CH2 Ho\ . . INT2+H —
1f209] b CH, C6H1306N2 [INT2_P | Without barrier INT2 P
%c/ \CH /o\ / b;_ c/’o""' 2
H 2 o
H
B, * AE" =27.1 (29.7). AS" =-6.8
HO, 5 ;:Hz 5 INT2_P —
20179 NN o Ml P~n | |csHII0sN2 [INT3_P i o
AoC = N ﬁ AEreact = 32.9 (29.6). ASreact INT3_P=H,CO
= 47.2 relative INT2_P
c\{ oH + Without barrier
3| ss “C‘W’C”Z ciH6oN [ iNTa P [AE=22.8 (20.7). AS=6.5
H.C " T cTNT?
B relative complex INT2_P INT & Home
— INT4_P +INT7
>CH2
af121 HOL oy CH2=N{ C3HTO4N |INT7
%0
C
H
\\ CH INT4_P +OH
5| 45| w7 2 CH30ON INTS  |Without barrier — INTS +
N H,CO +H,0
H 3 - E
Coo AE =26.0 (27.8). AS" =-0.4
6| 7| no_ CHa—\? ©OH CH503  |INT9 _ , X mye
N AE eqet =31.3 (29.5), AS oyt |H:CO
= 42.1 relative INT9
Decomposition starting fromprotonated INT6
o HO HO -
I | \
HCy, _CH._ CHz +
7|179 | \\c,_,z csH1105N2 | INT6_P | 'Without barrier %2 °PH -
HC X
\
Oon
9 o # #
I I AE  =13.4(17.5). AS* = 5.7
HC\N/CI-
8|120 C3H604N |INT10 i
HzC/ AEept = 8.5 (11.9). AS 5t = INT6_P —
0. on 17.3 relative INT11_P INT10 +
INT7_P
—CH -
9 s9 HO C\ 2 CH, c2HSON  |INT7_P
H
N
he ol AE =14 (5.3).AS" =-0.4
—_— INT7_P —
10| 42 [ 2S=N= 2] C2HAN INTS_P =
= |AE eact = 3.4 (1.2). ASeact = |INTS_P
34.6 relative INT9
be used instead of the more hazardous HMTD for canine  Acknowledgments

and other vapor detection modes. It was observed that

hexamine, substituted triazines, and

linear amines are

formed in the condensed phase, and the observation of
these products is humidity dependant. The mechanism of
formation of HMTD was found to proceed through a com-
plete breakdown of hexamine, involving formaldehyde ex-
change. Positive identification of synthesis intermediates re-

mains as a future work.
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Table 10. Structure and properties of intermediate species observed during the decomposition of a HMTD-OH™ anion calculated using
PBEOPBE1/cc-pVDZ level of theory. Energy values in kcalmol ™, entropy values in calK "mol .

y L. . Reaction stej
#|mass structure name  [Kimetic &thermochemical | Counuenl;
HZC//N\C,C2
7
? Hzcb o
o +OH
1| 225 0 en, PO C6H1307N2 |INT10H HELID=OH
VT — INT10H
HZC\,\!/CHZ
e}
\
H
# #
N AE" =-24(-2.6), AS" =
H,C— -
/ ncl cH, 3.8 INTIOH —
2| 207 ¢ ° \o C6H1106N2 |INT20H |AE ¢qet =-108.2 (-104.9), |INT20H +
| o : H,0
o] ) c AS;eact = - 0.4 relative -
\ HZC\ %0 react
HC——N" H INTIOH
B H - # #
_c’ AE =7.0 (4.9), AS" = 4.4
S
H,c—N (o)
/ Hzc/
P INT20H —
3| 2 3 ' 3 =63 (43
207 | o'o COHIIOON2 INTSOH |AE o0 = 6.3 (4.3), ASpeqet |INT30H
N 29 ~Tso = 9.6 relative INT20H
HoC N
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