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physical and chemical factors in explosive
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Lisa M. Klamborowski,a M. J. Cawkwell b and Virginia W. Manner a

Determining the factors that influence and can help predict energetic material sensitivity has long been

a challenge in the explosives community. Decades of literature reports identify a multitude of factors

both chemical and physical that influence explosive sensitivity; however no unifying theory has been

observed. Recent work by our team has demonstrated that the kinetics of “trigger linkages” (i.e., the

weakest bonds in the energetic material) showed strong correlations with experimental drop hammer

impact sensitivity. These correlations suggest that the simple kinetics of the first bonds to break are good

indicators for the reactivity observed in simple handling sensitivity tests. Herein we report the synthesis

of derivatives of the explosive pentaerythritol tetranitrate (PETN) in which one, two or three of the nitrate

ester functional groups are substituted with an inert group. Experimental and computational studies

show that explosive sensitivity correlates well with Q (heat of explosion), due to the change in the

number of trigger linkages removed from the starting material. In addition, this correlation appears more

significant than other observed chemical or physical effects imparted on the material by different inert

functional groups, such as heat of formation, heat of explosion, heat capacity, oxygen balance, and the

crystal structure of the material.
Introduction

Energetic materials, which include explosives and propellants,
store fuel and oxidizers on the same molecule. Upon reaction,
energetic materials rapidly release large quantities of heat and
gas. For example, the power output at the shock front from
a detonating secondary explosive is about 1010 W cm−2.1

Understanding the sensitivity of explosives is vital to their
proper usage and the prevention of any potential accidents. In
the early design stage, the handling safety of new energetic
materials is assessed by exposing the material to a range of
stimuli, most notably temperature, shock, impact, friction, or
electrostatic discharge, and determining if a violent event has
occurred. Decades of research have been devoted to under-
standing the factors that determine the sensitivity of energetic
materials. For example, multiple microscopic factors are
thought to affect the sensitivity, including the crystal
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structure,2–4 free volume within the unit cell,5,6 intermolecular
hydrogen bonding,7–14 and electrostatic potentials.15,16 Other
studies have identied the importance of oxygen balance,17,18

bond dissociation energies,19 reaction rates20,21 and the heat of
explosion.22,23

Most sensitivity tests convolute those intrinsic properties of
energetic molecules and materials that control their sensitivity,
such as their functional groups, stoichiometry and oxygen
balance, and decomposition kinetics with meso- and macro-
scopic properties including the phase, impurities, and particle
shape and size, such that it is oen difficult to understand
which properties of a new material are responsible for a partic-
ular result. To simplify these analyses, we have explored the use
of a core chemical scaffold to which systematic modications
can be made to better assess how these specic functional
changes inuence explosive sensitivity. Recent studies focusing
on pentaerythritol tetranitrate (PETN)24–28 and erythritol tetra-
nitrate (ETN)29 have been conducted looking at substituting
functional groups on their core scaffold to more systematically
modulate explosive sensitivity.

The weakest bond in an energetic molecule, its “trigger
linkage”, has been shown to be of particular importance to
sensitivity because the cascade of exothermic reactions that
occur during a deagration or detonation ultimately begins
with the thermally-activated rupture of the weakest bonds.
Recent theoretical work has conrmed that the kinetics of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
trigger linkage rupture is correlated with experimental drop
weight impact sensitivity.22,30 These correlations suggest that
the simple kinetics of the rst bonds to break are good indi-
cators for the reactivity observed in simple handling sensitivity
tests. In addition, handling sensitivity was shown to depend
sensitively on the total energy release, or enthalpy of explosion,
Q, upon the formation of product species.20,21,31–33 This result is
consistent with the observation that the explosives with the best
performance also tend to be among the most sensitive.

Several models for the connection between sensitivity and
energy release have been proposed in the literature34 but recent
work by this team found that a reduction in the activation
enthalpy for decomposition via the Bell–Evans–Polanyi prin-
ciple gave the best t to a set of sensitivity data for explosives
with diverse functional groups.22 This model was validated
experimentally by a study on a series of PETN-related explosives
where nitrate esters were systematically replaced with inert
hydroxyl groups. The decrease in the heat of explosion that
occurs when energetic groups are replaced by inert ones led to
a precipitous decrease in sensitivity, which can be rationalized
if the effective activation energy for decomposition in an
Arrhenius rate itself depends on Q. Hence, this study high-
lighted the importance of kinetic and thermodynamic inu-
ences on handling sensitivity. The purpose of this study was to
investigate a wider range of substituents on a simple chemical
scaffold to evaluate if the correlations with trigger linkage
strength and energy release override other chemical, structural,
and physical inuences such as oxygen balance or the crystal
structure. Herein, we report the synthesis of PETN derivatives in
which either one, two or three nitrate esters are replaced with
other functional groups. Novel syntheses of PETN derivatives
functionalized with halogen atoms are reported and are rare
examples of aliphatic energetic materials with halogen func-
tional groups. While halogen-based explosives are known
primarily as agent defeat weapons (ADWs)35,36 most of these
materials are aromatic37–42 and known aliphatic materials
commonly use uorine as the primary halogen.43–47 To compare
halogen PETN derivatives, materials in which the nitrate ester of
PETN is substituted with methyl and hydroxyl groups were also
prepared. The sensitivities of PETN derivatives to impact, fric-
tion, and electrostatic discharge were evaluated. Their melting
and decomposition onset temperatures were measured by
differential scanning calorimetry (DSC). Thermochemical
properties including heat of formation ðDH�

f Þ and heat of
explosion (Q) were evaluated using a new, extended version of
the density functional theory (DFT) atom-equivalent energy
scheme developed originally by Byrd and Rice (SI). In addition,
room temperature heat capacities (Cv) and oxygen balance were
calculated for each PETN derivative using DFT and stoichiom-
etry, respectively. Crystal structures were obtained for all the
derivatives using single crystal X-ray diffraction in order to
analyze the effects of substitution on crystal structures with the
aim of identifying any correlations with the measured explosive
sensitivities. Our analyses showed that the dominant inuence
on the PETN derivatives derived from the systematic decrease in
the enthalpy of explosion (Q) when energetic groups were
© 2023 The Author(s). Published by the Royal Society of Chemistry
substituted with inert halogen, methyl, and hydroxyl groups,
while crystal structures have little to no inuence on sensitivity.
Results
Synthesis of PETN derivatives

Pentaerythritol tetranitrate (PETN) is composed of a neo-pentyl
scaffold with a nitrate ester attached to each of the four CH2

groups. Due to the neo-pentyl structure, substitution on the CH2

groups can be difficult due to the increased steric bulk at the
substitution position.48 The derivatives described in this paper
focus on mono (pentaerythritol trinitrate, PETriN), di (pen-
taerythritol dinitrate, PEDN) and tri (pentaerythritol mono-
nitrate, PEMN) substitution of the nitrate esters by the halogen
atoms, chlorine, bromine, and iodine. While the synthesis of
some of these materials has been reported, in many cases there
has been limited or no characterization of the materials and no
sensitivity testing has been performed.49–51 Due to the compli-
cated and extensive synthesis pathways and need for hazardous
reagents the uorine derivatives of PETN were not examined.

All the starting materials for the bromide-based PETN
derivatives were commercially available. Synthesis of the mixed
bromide/nitrate ester derivatives of PETN was carried out using
a standard mixed acid synthesis of fuming nitric acid and
sulfuric acid (Scheme 1). The three derivatives PETriN-Br,
PEDN-Br2 and PEMN-Br3 were isolated as white crystalline
solids. Differential scanning calorimetry (DSC) showed melting
temperatures of 91.6, 73.1 and 56.1 °C for PETriN-Br, PEDN-Br2,
and PEMN-Br3 respectively. The onset of thermal decomposi-
tion temperatures for the three derivatives are 169.2, 172.6 and
181.0 °C for PETriN-Br, PEDN-Br2, and PEMN-Br3. Bromine
derivatization of PETN (melt 140.9/decomposition 166.8 °C) led
to a decrease in the melting point of each derivative and a slight
increase in the decomposition temperature.

Precursor materials for the iodine PETN derivatives were not
commercially available and were synthesized through a salt
metathesis reaction of the bromine starting materials with
sodium iodide in DMF using a modied literature procedure52

(Scheme 2). Heating the solutions to temperatures over 100 °C
led to the formation of iodine substituted pentaerythritols. The
Scheme 1 Synthesis of Br derivatives of PETN.
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Scheme 2 Synthesis of precursors for iodine derivatives of PETN.

Scheme 4 Synthesis of precursors for chlorine derivatives of PETN.
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View Article Online
disubstituted iodine material was isolated as a white powder
while the trisubstituted pentaerythritol was isolated as a sticky
solid.

Initial attempts at nitration of the iodo-substituted deriva-
tives using a mixed acid nitration were unsuccessful. Nitration
methods using 70% nitric acid with triuoroacetic anhydride
(TFAA) resulted in iodo-substituted PETN derivatives, though
with the formation of multiple products. A reddish-brown
solution formed almost immediately upon addition of the
iodo precursor materials to TFAA and nitric acid. Aer pouring
the solution into ice water, a dark colored solid was isolated.
Washing the solid with sodium thiosulfate removed the color
leaving a white powdery solid. NMR spectroscopy of the product
revealed two products in solution, one identied as di-iodo
pentaerythritol dinitrate (PEDN-I2) and the other as mono-
iodo pentaerythritol trinitrate (PETriN-I) (Scheme 3). The two
products, PETRIN-I and PEDN-I2, were isolated in a 1 : 1 ratio.
The presence of PETriN-I implies that one of the iodide func-
tional groups was displaced during the nitration. This
displacement would be consistent with the dark color formed
during the reaction (most likely I2 formation, and removal of
color with thiosulfate). The CH2–I bond is likely hydrolyzed
from the water present in 70% nitric acid to form the corre-
sponding alcohol which is then nitrated in the presence of
mixed acids. This reactivity was unexpected as substitutions at
neopentyl carbons are notoriously difficult. Attempts to miti-
gate this side product formation using more concentrated nitric
acid (fuming) produced pure PEDN-I2; however the yield from
this reaction was below ten percent so this synthesis was
deemed unfeasible. Purication of the 1 : 1 material was
Scheme 3 Synthesis of the iodine derivatives of PETN.

7046 | Chem. Sci., 2023, 14, 7044–7056
conducted using a centrifugal chromatography system which
isolated both materials as pure white crystalline solids.

Nitration of the triiodo pentaerythritol precursor similarly
led to multiple products, PETRIN-I, PEDN-I2, and PEMN-I3
(Scheme 3). NMR spectroscopy showed the synthesis products
to be in a ratio of 2 : 3 : 1 for PETRIN-I, PEDN-I2 and PEMN-I3
respectively. Centrifugal chromatography was used to isolate
the three materials as pure white crystalline solids. DSC analysis
of the three iodo derivatives showed similar results to the
bromine derivatives, in which increased halide functionaliza-
tion led to a decrease in melting points as well as an increase in
the onset of thermal decomposition temperature. Melting
points of 107.2, 81.9 and 61.5 °C and decomposition onset
temperatures of 167.1, 178.3, and 182.4 °C were observed for
PETRIN-I, PEDN-I2, and PEMN-I3 respectively.

Precursor chlorine derivatives of PETN were synthesized
from pentaerythritol using thionyl chloride following literature
procedures.53 The reaction of pentaerythritol with thionyl
chloride resulted in the formation of the di and trichloro
substituted pentaerythritol precursors (Scheme 4). The mono-
chloride material could not be isolated and was purchased
commercially. Nitration of the chloro-substituted pentaery-
thritol precursors was analogous to the bromine substituted
materials using a mixed acid synthesis of fuming nitric and
sulfuric acids (Scheme 5). PETriN-Cl, PEDN-Cl2 and PEMN-Cl3
were isolated as crystalline white solids. DSC analysis of the
three chloro derivatives demonstrated similar results to the
other halide derivatives with respect to melting points, but an
inverse relationship was observed with the onset decomposition
temperatures as increased halide functionalization led to
a decrease in both melting points and onset decomposition
temperature. Melting points of 66.2, 58.7 and 46.5 °C and onset
decomposition temperatures of 166.3, 161.3 and 154.2 °C were
observed for PETriN-Cl, PEDN-Cl2, and PEMN-Cl3 respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of chlorine derivatives of PETN.
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In addition to the halogenated PETN derivatives, other
substituted derivatives of PETN were synthesized to compare
with the halogenated materials (Scheme 6). Derivatives of PETN
in which the NO2 group was substituted with a methyl group
(CH3) were prepared from commercially available starting
materials. Nitration using a mixed acid synthesis produced the
mixed nitrate ester methyl derivatives PETriN-Me54 and PEDN-
Me2. The derivative with three substituted methyl groups was
not prepared. While PETriN-Me was obtained as a white crys-
talline solid, PEDN-Me2 could only be isolated as a clear oil.
PETriN-Me had a melting point of 51.5 °C and a onset decom-
position temperature of 163.4 °C. PEDN-Me2 as a liquid did not
show a melting point on DSC but showed a thermal onset
decomposition temperature of 170.5 °C. Hydroxyl derivatives of
PETN, PETriN-OH and PEDN-OH2 and PEMN-OH3, were
prepared following known literature procedures.55,56 PETriN-OH
can only be isolated as a clear oil while PEDN-OH2 and PEMN-
OH3 can be isolated as clear oils or amorphous solids. No
melting points were observed for either PETriN-OH or PEDN-
OH2, though PEMN-OH3 melted at 57.7 °C. Onset thermal
decomposition temperatures of 163.9, 166.4, and 162.4 °C were
observed for PETriN-OH, PEDN-OH2 and PEMN-OH3

respectively.
Scheme 6 Synthesis of methyl and hydroxyl derivatives of PETN.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Crystal structure results

Single crystal X-ray diffraction (XRD) analysis was conducted on
the substituted PETN derivatives, except for PEDN-Me2, PETriN-
OH, PEDN-OH2 and PEMN-OH3 as those materials were not
isolated as crystalline solids. Crystals of the mono-substituted
PETN derivatives PETriN-Cl, PETriN-Br, PETRIN-I, and
PETriN-Me were all grown through slow evaporation from an
acetone solution. Single crystal XRD analysis shows that all the
mono-substituted derivatives of PETN have very similar crystal
structures when compared to one another (Fig. 1). Small
differences exist between the crystals, most notably with
PETriN-Cl and PETriN-Me having monoclinic structures, while
the PETriN-Br and PETRIN-I crystals have orthorhombic struc-
tures. This difference could be attributed to the smaller atomic
sizes of the chlorine andmethyl groups. The smaller sizes of the
chlorine and methyl functional groups create small asymme-
tries in the molecular packing structures. The bromine and
iodine derivatives are closer in size to a nitrate ester functional
group, resulting in higher symmetry. Overall, Fig. 2 shows that
PETN exhibits a fairly similar packing arrangement to all of the
mono-substituted PETN derivatives.

In addition to the similarity of the packing of the mono-
substituted molecules, prominent bond angles and bond
distances were very consistent among all the mono derivatives
and PETN (Table 1). Bond distances and angles of the nitrate
ester groups were consistent among all the materials with bond
angles of approximately 128° (Oterm–N–Oterm) and 115° (Obridge–

N–Oterm) and bond distances of 1.19 Å (Obridge–N) and 1.4 Å (N–
Oterminal). The main difference between the monosubstituted
materials is the bond length of the carbon–X (Cl, Br, I, CH3)
bond with the larger substituents having longer bond distances.

Like the mono-halogenated derivatives, the crystal structures
of PEDN-Cl2, PEDN-Br2, and PEDN-I2 were very similar to one
another. Unfortunately, these structures could not be compared
to those of the explosive di-substituted PETN derivatives, PEDN-
OH2 and PEDN-Me2, due to the inability to obtain single crystals
of those materials. Crystal structures of the tri-halogenated
materials were also obtained, showing similar patterns as
observed with the other halogenated PETN derivatives. For full
Chem. Sci., 2023, 14, 7044–7056 | 7047
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Fig. 1 Molecular structures within single crystals of PETriN-Cl, PETriN-Br, PETriN-I and PETriN-Me.
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crystal information on all the substituted PETN derivative
materials, see the ESI.†

Hirscheld surfaces and two-dimensional ngerprint anal-
ysis are used to study prominent intermolecular interactions in
crystal structures.57 Information gathered from these two-
dimensional ngerprints provides insight into the most prom-
inent close contacts in the crystal structures as well as physi-
ochemical properties of the molecules. The two spikes seen in
Fig. 2 Crystal packing of PETriN-Cl, PETriN-Br, PETRIN-I and PETN.

7048 | Chem. Sci., 2023, 14, 7044–7056
the ngerprint plot in Fig. 3 correspond to the strongest inter-
actions along the de (exterior interactions) and di (interior
interactions) axes. Resemblance in the overall shape of the
ngerprint plots compared to one another shows the similarity
in the crystal structures of the derivatives. Analysis of the plots
shows that in every case the dominant intermolecular and
intramolecular contact is between oxygen and hydrogen, with it
making up 48.3, 47.6, 42.5 and 66.7% of all close contacts for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Relevant bond distances (Å) and bond angles (°) of monosubstituted PETN derivatives and PETN

Bonds and angles PETriN-Cl PETriN-Br PETriN-I PETriN-Me PETN

N–Oterminal 1.188 1.195 1.193 1.194 1.219
Obridge–N 1.404 1.401 1.406 1.389 1.400
X–C–C (deg.) 113.28 113.85 116.19 115.93 N/A
C–O–N (deg.) 113.32 113.27 113.44 114.27 N/A
C–X 1.790 1.960 2.133 N/A N/A
C–C N/A N/A N/A 1.506 N/A
Oterm–N–Oterm 129.40 129.59 129.62 129.17 127.79
Obridge–N–Oterm 115.30 115.20 115.18 115.41 115.95
rcalc (g cm−3) [temp. (K)] 1.723 1.957 2.158 1.525 1.845
Crystal system/space group Monoclinic/P121/c1 Orthorhombic/P212121 Orthorhombic/P212121 Monoclinic/P121/n1 Tetragonal/P42(1)c
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PETriN-Cl, PETriN-Br, PETRIN-I and PETriN-Me respectively.
The second largest close contact contributors for each derivative
were the O–O close contacts which were approximately 24% for
all the mono-halogen derivatives and 16% for PETriN-Me. The
Fig. 3 Hirschfield fingerprint plots for PETriN-Cl, PETriN-Br, PETriN-I an

© 2023 The Author(s). Published by the Royal Society of Chemistry
main difference between the structures lies in the close contacts
between the halogen X and hydrogen. As the size of the halogen
increases from Cl to Br to I, the number of close contacts
between X and hydrogen increases from 7.9 to 8.8 to 15.9%.
d PETriN-Me.

Chem. Sci., 2023, 14, 7044–7056 | 7049
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Discussion
Sensitivity measurements of PETN derivatives

Explosive sensitivity testing was performed on the PETN deriv-
atives focusing on impact, electrostatic discharge (ESD) and
friction sensitivity. Impact testing is measured on a standard
type 12 ERL drop hammer, using 40 milligram samples placed
on high melting temperature grit paper (150-grit) on a steel
anvil. A 0.8 kilogram striker was placed gently over the sample
being tested, and a 2.5 kilogram weight was dropped on the
sample from various heights. A “go” or energetic event was
determined using decibel levels measured with sound meters
located behind and to the side of the apparatus.58 A set of een
tests were conducted, using the Neyer statistical59 method to
determine a DH50 value (the drop height corresponding to
a 50% chance of a “go”). Friction sensitivity analysis was per-
formed on a BAM friction apparatus in which 20 milligrams of
material was placed on a porcelain plate while a porcelain plug
was rubbed against the material with varying amounts of force.
Electrostatic discharge sensitivity was performed using a SMS
ABL electrostatic discharge machine in which a sample of
material was placed between two pieces of tape and a discharge
of varying energy was applied to the sample. If the tape was
broken or a popping sound was observed, a “go” was deter-
mined to have occurred aer statistical analysis of 15 samples.

Drop weight impact experiments were performed on the nine
halogen-substituted derivatives of PETN in order to examine
how increased halogen functionalization would affect the
impact sensitivity (Table 2). PETN is a sensitive secondary
explosive with an impact sensitivity of 10.2 ± 0.9 cm. The three
mono-substituted halogen derivatives, PETriN-Cl, PETriN-Br
and PETRIN-I, exhibited very similar impact drop heights of
30.8 ± 2.5, 30.7 ± 2.4 and 26.6 ± 7.1 cm respectively. It was
surprising that the sensitivities for all the mono-halogen PETN
derivatives were within error of each other despite the slightly
different oxygen balances, molecular weights and molecular
Table 2 Sensitivity data for PETN and substituted PETN derivatives

Material Impact DH50 (cm) Friction DH50

PETriN-Cl 30.8 � 2.5 >360
PEDN-Cl2

b >320 >360
PEMN-Cl3

b >320 >360
PETriN-Br 30.7 � 2.4 >360
PEDN-Br2

b >320 >360
PEMN-Br3

b >320 >360
PETRIN-I 26.6 � 7.1 >360
PEDN-I2

b >320 >360
PEMN-I3

b >320 N/A
PETriN-Me 31.6 � 1.8 >360
PEDN-Me2

a 90.2 � 5.5 >360
PETriN-OHa 27 � 2.0 >360
PEDN-OH2 112.1 � 6.1 >360
PEMN-OH3 >320 >360
PETN 10.2 � 0.9 59.5

a Material was a liquid and tested on a bare anvil without the use of grit pa
the highest setting without a reaction; no further testing was conducted a

7050 | Chem. Sci., 2023, 14, 7044–7056
sizes of the halogen used. To examine if this similarity in
sensitivity extended to other mono-substituted PETN deriva-
tives, two additional PETN compounds were prepared in which
a single nitrate ester was substituted with either a methyl or
hydroxyl group. Recently reported work22 studying the impact
sensitivity of hydroxyl-based PETN derivatives on the same
apparatus showed that the derivative PETriN-OH had an impact
sensitivity of 27.0 ± 2.2 cm, again very similar to those of the
three mono-halogen substituted PETN derivatives. Likewise,
PETriN-Me exhibited a DH50 value of 31.6± 1.8 cm, within error
of the other derivatives studied.

The mono-halogen PETN derivatives display similar sensi-
tivities to conventional explosives such as RDX and HMX.
However, the di- and tri-substituted halogen PETN derivatives
exhibited no reactions on the drop hammer impact apparatus,
even at the maximum height (320 cm). However, the impact
sensitivity of the di-hydroxyl PETN derivative (PEDN-OH2) is
112.1 ± 6.1 cm, less sensitive than the mono-hydroxy derivative
(PETriN-OH) but still energetic. Likewise, the dimethyl PETN
derivative PEDN-Me2 has an impact sensitivity of 90.2 ± 5.5 cm.
For all tri-substituted PETN derivatives, including PEMN-Me3
and PEMN-OH3, no “go”s were recorded on our apparatus up to
a maximum drop height of 320 cm.

Friction and electrostatic discharge sensitivities of all PETN
derivatives were also examined (Table 2). For all derivatives,
once any functional group was substituted onto the PETN
framework, all friction sensitivity was lost. This result was
unexpected as PETN is a relatively friction sensitive molecule
(59.5 N) and it was surprising that the replacement of one
nitrate ester with a single inert substituent would completely
remove all responses in the test. In some cases, friction sensi-
tivity can be affected by the phase of the material,60 as liquid
explosives can be less friction sensitive; however in this case
most of the materials were crystalline solids. Electrostatic
discharge sensitivity (Table 2) did not follow any observable
pattern or trend.
(N)
Electrostatic
discharge DH50 (J)

DSC (°C)
melt/decomp. onset

0.0625 66.2/166.3
0.25 59.5/161.3
0.25 46.5/154.2
0.125 91.6/169.2
0.125 73.1/172.6
0.125 56.1/181.0
0.0625 107.2/167.1
0.0625 81.9/178.3
N/A 61.5/182.4
0.0625 51.5/163.4
0.025 N/A/161.4
0.0625 N/A/163.95
0.0625 N/A/166.4
0.0625 57.7/162.4
0.0625 140.9/166.8

per. b Material was tested ve times on impact and friction apparatus at
s these materials were deemed inert.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Discussion: trends observed with
impact sensitivity

All of the mono-substituted PETN derivatives have almost
identical impact sensitivities, even though the substituents
used to functionalize PETN varied in basic molecular properties
such as atomic weight and electronegativity. Literature studies
have reported the importance of crystal structures on explosive
sensitivity primarily through inter- and intramolecular interac-
tions. In our system, all of the mono-substituted PETN mate-
rials exhibited similar crystal packing characteristics such as
bond angles and distances. Though the similarities between the
handling sensitivity properties and the crystal structures may be
related, it is not possible to draw strong conclusions on the
inuence of crystal packing in this system. In addition, Pospisil
et al. observed that H50 is approximately inversely proportional
to the free volume per unit cell.5,6 Additional density functional
theory calculations, which are beyond the scope of this work,
would be required to evaluate the free volume for themono-, di-,
and tri-substituted derivatives to better understand any corre-
lations with free volume, but the relatively weak trends reported
by Pospisil et al. are unlikely to account for the precipitous
changes in H50 with sequential substitutions seen in this work.

In order to better understand why all of the mono-
substituted PETN derivatives exhibited similar sensitivity but
the di-substituted materials varied in sensitivity with the type of
substitution, we investigated properties such as oxygen
balance,61 heat of formation, heat of explosion, and room
temperature heat capacity. A molecule with perfect oxygen
balance will release all hydrogen as H2O and all carbon as CO or
CO2. Therefore, molecules with a better oxygen balance tend to
have better performance and a higher heat of explosion because
the reactants are converted completely to highly exothermic
product molecules. Molecules with a negative oxygen balance
will form soot and H2 while molecules with a positive oxygen
Table 3 Density functional theory-calculated properties and oxygen ba

Material D°Hf (kJ mol−1) Q (kJ mol−1)

PETriN-Cl −385 1248
PEDN-Cl2 −357 885
PEMN-Cl3 −314 663
PETriN-Br −335 1241
PEDN-Br2 −258 872
PEMN-Br3 −168 601
PETriN-I −276 1244
PEDN-I2 −140 864
PEMN-I3 8 588
PETriN-Me −385 1352
PEDN-Me2 −324 1150
PEMN-Me3 −252 485
PETriN-OH −520 1288
PEDN-OH2 −561 977
PEMN-OH3 −620 787
PETN −444 1872

a Calculated at the B3LYP/6-31+G(d,p) level and iodine atoms are calculat

© 2023 The Author(s). Published by the Royal Society of Chemistry
balance will liberate excess oxygen as O2. Multiple studies have
shown correlations between oxygen balance and explosive
sensitivity.62 Notably, Kamlet investigated correlations between
impact sensitivity and properties such as oxygen balance as
early as the 1960s.63,64 More recently, we and others conrmed
that oxygen balance is one of the more important properties
that is correlated with trends in sensitivity.61 Table 3 shows
oxygen balance for the PETN derivatives, and Fig. 4 plots the
trend with the number of energetic substituents. The mono-
substituted derivatives exhibit mostly similar oxygen balance
values, with the exception of PETriN-Me, which shows a signif-
icantly lower value. As energetic substituents are removed, the
PETriN-Me oxygen balance decreases more dramatically than
the halide substituents, though it retains a measurable sensi-
tivity on the impact test. Surprisingly, PEDN-OH2 and PEDN-
Me2 have similar impact test values, even though their oxygen
balance values differ signicantly (−49.56% vs. −108.1%).
Overall, the trends in oxygen balance do not account for the
observed differences in the di-substituted materials in this
system.

The initiation of energetic materials is a complex chemical
event involving a multitude of chemical reactions behaving
simultaneously to propagate an energetic event. These reactions
generally begin through formation of hot spots65which generate
temperatures high enough to break the weakest chemical
bonds, or trigger linkages, which forms radicals or other highly
reactive species that result in further chemical reactions prop-
agating through the material. We and others have observed that
impact sensitivity correlates well with the nature and number of
energetic functional groups and their weakest bonds, or trigger
linkages, along with the heat of explosion, Q.21,22 An earlier
systematic study of the rates of trigger linkage rupture in a set of
24 explosives, including nitrate esters, nitramines, nitro
aromatic compounds, azoxyfuraxans, azides, and nitramines,
suggested that impact sensitivity is (i) inversely proportional to
the rate of trigger linkage rupture and (ii) that the heat of
lance of PETN derivatives

Oxygen balance (%) Cv
a (J mol−1 K−1)

−21 259
−28.7 224
−34.5 188
−21.6 260
−32.0 227
−41.4 192
−24.9 262
−42.8 230
−64.7 198
−50.5 268

−108.1 242
−196.4 216
−26.6 263
−49.56 232
−83.95 202
−10.1 294

ed at the def2svp level.68,69
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Fig. 4 Heat capacity, oxygen balance, heat of formation, and heat of explosion vs. degrees of substitution on the PETN scaffold.
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explosion tends to reduce the effective activation barrier, Ea,
consistent with the Bell–Evans–Polanyi principle,

H50 f 1/(A exp(−(Ea − aQ)/kBT)) (1)

where a is an adjustable parameter.21 From this result, it was
shown that across a set of derivatives with different numbers of
energetic groups, Nx, but the same trigger linkages the variation
in H50 should approximately follow

H50 zH0
50

�
N0

x

Nx

�
exp

�
g
�
Q0 �Q

��
(2)

where g is an adjustable constant and the superscript 0 denotes
a reference molecule in the series of derivatives. This result
shows that replacing energetic groups on a molecule with inert
groups will lead to a systematic increase in H50. The decrease in
sensitivity upon substituting energetic groups is dominated by
the decrease in the enthalpy of explosion, which can be ex-
pected to lead to a precipitous increase in the value of H50.

To understand how the sensitivities of the PETN derivatives
depend on changes in their heats of explosion, we have calcu-
lated Q for each of the derivatives using the standard result,

Q ¼ �1
mol: wt

X
i

ni

�
DHp

f

�
i
� DHf (3)

where ni is the number of moles of product species iwith heat of
formation (DHp

f )i derived from one mole of reactants. The heats
of formation and explosion are tabulated in Table 3. The types
and proportions of the product species were calculated using
the oxidation priority published in ref. 21. The heats of
7052 | Chem. Sci., 2023, 14, 7044–7056
formation of the small molecule product species were obtained
from the NIST Chemistry WebBook66 and the heats of formation
of the reactants were computed using the atom equivalent
energy method developed originally by Byrd and Rice that we
extended to describe molecules containing halogen atoms. The
extensions to the Byrd and Rice scheme for organic molecules
containing F, Cl and Br used total energies calculated at the
same level of theory (B3LYP/6-311++G(2df,2p)//6-31G*) whereas
for iodine atoms only we used the 6-311G basis for the geometry
optimization and the larger 6-311G(d,p) to calculate the total
energy. As in ref. 67, we computed Wiberg bond indices to
automatically assign C, N, and O atoms to single and multiply-
bonded groups. Details on the parameterization protocol for the
atom equivalent energies for F, Cl, Br, and I, and the sets of
molecules used in the training steps are presented in the
ESI.†

The heat of formation, D°Hf, heat of explosion, Q, and room
temperature heat capacity, Cv, of the PETN derivatives are pre-
sented in Table 3 and Fig. 4. The calculated Q values for all
mono-substituted derivatives are similar, falling between 1250
and 1350 kJ mol−1. All of the di-substituted PETN derivatives
also fall within a fairly similar range of values, between 880 and
1150 kJ mol−1. For the tri-substituted derivatives, values fall
between 485 and 787 kJ mol−1. Overall, as shown in Fig. 4, the
heats of explosion for all derivatives typically decrease as the
number of energetic groups decrease, as expected. The heat of
explosion values therefore correlate well with the decrease in
impact sensitivity as the energetic functional groups are
removed, which is consistent with the simple model presented
in eqn (2). However, the observed decrease in sensitivity with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the di- and tri-substituted halogen substituents is even more
dramatic than that observed with the hydroxyl and ethyl
substituted derivatives.

Heat of formation D°Hf and heat capacity were also evaluated
(Fig. 3). All derivatives exhibited a positive shi in their heat of
formation values as energetic groups were removed except for
the hydroxyl substituted PETN derivatives, with each substitu-
tion resulting in a more negative D°Hf value (from−520 to−620
kJ mol−1). Heat capacity calculations showed almost identical
values for each substituted PETN derivative (for example, each
PETriN-X had a value of 259–268 J mol−1 K−1). The plot in Fig. 4
shows that heat capacity decreases aer every additional
substitution on the PETN backbone, which correlates with the
loss in impact sensitivity observed with every additional
substitution.

As in ref. 21, eqn (2) captures the rapid increase inH50 for the
methyl derivatives as ONO2 groups are lost. However, unlike the
di-methyl and di-hydroxyl derivatives, all of the di-substituted
halogen derivatives appear to be completely inert under drop
weight testing. We propose that the loss of impact sensitivity of
the di-halogenated materials could be caused by the increased
presence of the halogen atoms themselves. Halocarbons such as
bromochloromethane, CF3Br and CF2BrCl have long been used
in a variety of re suppressants and re extinguishers.70 Halo-
genated materials are known to inhibit res by interfering with
the radical chain mechanism in a combustion reaction. The
halogen radicals generated during combustion can react with
the active chain carriers generating a more inert material
slowing the reaction rate and energy release, thereby halting the
overall reaction.71 Despite the combustion inhibiting properties
of the halogen atoms many explosives are known that include
halogen atoms, some with large halogen content (over 60% of
the molecules molecular weight).72 However, it should be noted
that most of the reported materials are aromatic with the few
aliphatic materials using uorine, which is the least inhibiting
halogen. Studies have also shown that aromatic bound halo-
gens are weaker inhibitors of combustion reactions compared
to aliphatic bound halogens,70 due to the higher relative
stability and melting points of the aromatic compounds
compared to aliphatic ones. For the materials in this study, the
increased halogenation lowers both the melting and decom-
position temperatures, potentially increasing each material's
ability to inhibit energetic chemical reactions. The insensitivity
of the di-halogenated PETN derivatives is therefore most likely
a result of the increased halogen content of the materials,
relative to the hydroxy and methyl PETN derivatives.

Conclusions

We have reported the synthesis of derivatives of PETN in which
the nitrate ester functional groups are substituted with halogen
atoms, hydroxy or methyl groups. Crystals of ten of the deriva-
tives were grown and studied by single crystal XRD and
Hirscheld surface analyses. Decreases in the number of ener-
getic functional groups and heat of explosion of the molecules
are correlated with decreasing impact sensitivity. For the mono-
substituted materials, almost identical impact sensitivities were
© 2023 The Author(s). Published by the Royal Society of Chemistry
observed among all derivatives regardless of the inert
substituted functional group. Removing two energetic func-
tional groups resulted in a further decrease in sensitivity.
However, the di-halogenated materials decreased in sensitivity
to a much larger extent than themethyl and hydroxy derivatives,
which is hypothesized to be caused by the combustion-
inhibiting nature of halogen atoms. Overall, we have demon-
strated that the number of energetic functional groups and heat
of explosion account for the explosive sensitivity of a material,
consistent with recent previous work by our group and
others.21,22
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