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Energetic Polymers: A Chance for Lightweight Reactive
Structure Materials?
Max Born,[a] Jakob Plank,[a] and Thomas M. Klapötke*[a]

Abstract: Today’s ammunition still consists of about 70 wt%
structure-providing materials such as metals providing no
energetic contribution. Therefore, reactive structure materi-
als (RSMs) offer tremendous room for improvement. While
current research focuses on rather heavy, metal-based ma-
terials (e.g., alloys, thermites), energetic polymers appear as
an under-recognized opportunity for very lightweight
RSMs. Unfortunately, suitable polymers are unavailable as
energetic polymer research has almost exclusively focused
on elastic binders with the least possible glass transition
temperature. An application as RSM, however, requires rigid
polymers with a glass transition above operational temper-
atures. Accordingly, monomers with fundamentally differ-
ent structures are required. The first step in this particular

direction is 3-(2,4,6-trinitrophenoxy)oxetane (TNPO). Herein,
we report the synthesis of its homopolymer and investigate
its polymerization behavior by copolymerization with prior
art energetic oxetanes. All polymers were intensively stud-
ied by vibrational and multinuclear (1H, 13C, 14N) NMR spec-
troscopy, elemental analysis, gel permeation chromatog-
raphy, and differential scanning calorimetry (DSC). Hereby,
DSC revealed the high effect of the TNPO repeating unit on
the glass transition temperature. The performance of all
polymers was calculated using the EXPLO5 code to eval-
uate the potential performance range of polymeric RSMs.
Further, their shock and friction sensitivity was determined
by BAM standard procedures.
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1 Introduction

Modern ammunitions and effector systems contain only
about 30 weight percent of energetic fillers like secondary
explosives, while the predominant mass fraction is con-
stituted by structure-providing materials such as metals
(e.g., steel, aluminum) that offer no energetic contribution
[1]. A potential solution to reduce deadweight is provided
by reactive structural materials (RSM), which serve as struc-
tural elements and store chemical energy which is released
upon a suitable stimulus [1]. Although the first RSMs were
composites of polytetrafluoroethylene and aluminum [2,3]
which could be viewed as predecessors of polymer-based
RSMs, research has almost exclusively focused on metal-
based materials such as thermites or alloys, which provide
additional energy through redox reactions [1]. However, the
underlying chemical reactions are often too slow and re-
quire the presence of gaseous oxidizers such as atmos-
pheric oxygen, thereby limiting the scope of application [1].
Therefore, energetic polymers with sufficient performance
and mechanical properties appear far more promising as
they require no oxidizer, react much faster (deflagration or
detonation), and can drastically reduce the effector systems
weight due to their lower density compared to metal-based
materials. Hence, polymeric RSMs may contribute to a high
weight reduction and thereby an increased operational
range [4]. Conceptual applications range from structure-
providing casings to combustible single components. For

this purpose, thermoplastic polymers of low sensitivity, high
performance, mechanical strength, and thermostability to-
gether with processability by conventional techniques (e.g.,
extrusion, 3D printing), appear to be most suitable [4].
However, to provide the necessary stiffness and mechanical
strength for the envisioned use, polymeric RSMs ought to
be employed below their glass transition temperature (TG) –
similar to technically relevant everyday polymers like poly-
carbonates (PC), polystyrene (PS), or acrylonitrile-butadiene-
styrene (ABS) terpolymers. This is very problematic, as en-
ergetic polymer research has focused almost exclusively on
binders that are elastic at operational temperatures to ab-
sorb mechanical forces acting upon an energetic for-
mulation, thereby reducing the overall sensitivity toward
friction and impact [5,6]. Therefore, binder polymers are re-
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quired to exhibit a TG as low as possible (e.g., glycidyl azide
polymer (GAP): � 46 °C) [5,6]. As the glass transition temper-
ature correlates with a polymer’s chain flexibility, high chain
rigidity is needed to achieve high glass transition temper-
atures [7]. In the case of polyoxetanes, this can be im-
plemented, for instance, by bulky side-groups which im-
pose rigidity to the polymer chains by their steric demand
or through interlocking and intermolecular interactions [7].
For example, aromatic or heteroaromatic structures could
be employed. Hence, 3-(2,4,6-trinitrophenoxy)oxetane
(TNPO), which was first described by Born et al. in 2019, re-
presents the first monomer of a potentially suitable struc-
ture. It is formally a picric acid derivative and can be ob-
tained by a one-pot reaction between picryl chloride and
lithium oxetan-3-olate formed in situ from lithium hydride
and commercially available oxetan-3-ol in THF [8]. More-
over, it combines very low sensitivity with sufficient ther-
mostability and performance comparable to TNT. Herein,
we report the preparation of its homopolymer by cationic
ring-opening polymerization (CROP) using the well-known
boron trifluoride etherate/diol initiator system. In addition,
TNPO was copolymerized with various, energetic state-of-
the-art oxetanes. As these are known to polymerize readily,
conclusions about TNPO’s polymerization behavior and any
adverse effects caused by its steric demand or the relatively
low basicity of the oxetane oxygen atom were possible. Be-
sides, copolymerization allowed an evaluation of the glass
transition temperature increase caused by a rigid motif like
TNPO by comparison with the corresponding parent homo-
polymers. Next to the thermal behavior, we assessed the
heat of formation of all polymers, calculated their energetic
performance, and determined their sensitivity towards im-
pact and friction. Although a true polymeric RSM seems
currently unfeasible based on the state of research, we
hope to give a first impression regarding the general feasi-
bility, as well as the possible advantages and applications of
such materials. Beyond, the achievable performance range
of energetic polymers – even under non-optimized con-
ditions, was demonstrated.

2 Experimental Section

The sensitivities of all described monomers and polymers
toward impact and friction were assessed using a BAM
(Bundesanstalt für Materialforschung) drop hammer accord-
ing to STANAG 4489 modified instruction [9] and a BAM
friction tester according to STANAG 4487 modified in-
struction [10].

2.1 Monomer Synthesis

Next to TNPO (1), several well-known energetic oxetanes
have been synthesized to prepare copolymers. These can
be subdivided in two groups – organic azides including

3-azidooxetane (3AO, 2), 3-azidomethyl-3-methyloxetane
(AMMO, 3) as well as 3,3-bis(azidomethyl)oxetane (BAMO,
4) and organic nitrates which include 3-nitratomethyl-3-
methyloxetane (NIMMO, 5) and 3-azidomethyl-3-
nitratomethyloxetane (AMNMO, 6). Due to the extend, the
synthetic procedures and assessed data for monomers 1–6
can be found in the Supporting Information (SI).

2.2 Polymer Synthesis

To ensure comparability, all polymers were prepared under
the same conditions according to the following, general
procedure. Experimental details, yields, and the assessed
data can be found in the Supporting Information.

General Procedure:
A Schlenk round bottom flask (25 mL) was closed with a

silicone rubber septum and thoroughly dried under a pro-
tective atmosphere (argon). An initiating mixture was pre-
pared by the addition of butane-1,4-diol and boron tri-
fluoride etherate (molar ratio 1 :2) using a 100 μL Hamilton
syringe. The mixture was stirred for 15 minutes and 30% of
the total solvent volume (sulfolane-DCM (dry), 9 : 1) required
to achieve a final monomer concentration of 2 molL� 1 was
added. The residual volume (70%) was used to prepare a
solution of TNPO (homopolymer) or an equimolar solution
of the respective comonomers. Subsequently, the monomer
solution was added using a syringe pump at different feed
rates (see SI). The reaction mixture was then stirred for
48 hours at 250 rpm before quenching the polymerization
reaction with water (1 mL). The resulting emulsion was vig-
orously stirred for five minutes and an excess of methanol
(~20 mL) was added to precipitate the crude polymer
which was allowed to settle. Afterward, the supernatant
was decanted and the polymer was dissolved in a minimal
amount of acetone and precipitated again using methanol
(~20 mL). The polymer was then collected by centrifugation
(20 min, 6000 rpm) and the supernatant was removed using
a pipette. The purified polymer was transferred to a round
bottom flask using acetone and all volatiles were removed
by rotary evaporation. Afterward, the polymer was thor-
oughly dried under high vacuum conditions (0,1 Pa, 24 h) at
70 °C to afford yellow to orange, brittle solids.

2.3 Poly(AMNMO)

Since poly(AMNMO) was needed as a reference but is in-
sufficiently described in the literature [11], it was prepared
by a modified procedure and characterized in detail.

A Schlenk round bottom flask was closed with a silicone
rubber septum and thoroughly dried under a protective at-
mosphere (argon). Boron trifluoride etherate (98.4 μL,
797 μmol, 0.1 equiv.) and butane-1,4-diol (35.2 μL,
398 μmol, 0.05 equiv.) were added using a 100 μL Hamilton
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syringe and the mixture was stirred for 15 minutes before
the addition of dry dichloromethane (1.12 mL). Afterward, a
solution of 3-azidomethyl-3-nitratomethyloxetane (1.50 g,
7.97 mmol) in dry dichloromethane (2.87 mL) was added
over three hours using a syringe pump. The colorless re-
action mixture was subsequently stirred for 48 hours at
250 rpm. The reaction was then quenched by the addition
of water (0.5 mL) and vigorously stirred for five minutes. Af-
terward, methanol (15 mL) was added to precipitate the
crude polymer which settled at the bottom of the flask as a
colorless oil. The supernatant was removed using a pipette
and the polymer dissolved in a minimal amount of acetone
followed by the addition of methanol (15 mL) to precipitate
the purified polymer. The supernatant was again removed
and the polymer dried under high vacuum conditions (1 Pa,
25 °C, 2 d) to give 0.96 g (64%) of poly(AMNMO) as color-
less (opaque) resin-like material.

1H NMR (400 MHz, Acetone-d6, 25 °C): δ=4.70–4.54 (m,
2H, CH2ONO2), 3.70–3.39 (m, 6H, polymer backbone, CH2N3).
13C{1H} NMR (101 MHz, Acetone-d6, 25 °C): δ=73.1, 70.7,
52.1, 45.3. 14N NMR (29 MHz, Acetone-d6, 25 °C): δ= � 43.3,
� 133.2. FT-IR (ATR, cm� 1): ~n=3292 (vw), 3140 (vw), 2890
(w), 2102 (s), 1830 (vw), 1630 (vs), 1456 (m), 1272 (vs), 1100
(vs), 992 (s), 854 (vs), 752 (m), 702 (m), 646 (m), 552 (w).
Raman (1075 nm, 1000 mW, cm� 1): ~n=2967 (96), 2938 (91),
2880 (100), 2834 (26), 2811 (26), 2109 (39), 1486 (35), 1465
(43), 1453 (43), 1279 (78), 1239 (52), 1044 (22), 942 (26), 928
(22), 869 (52), 653 (22), 622 (22), 614 (22), 604 (22). EA calcd.
for C5H8N4O4 (188.1430 g mol� 1): C 31.92, H 4.29, N 29.78.
Found: C 33.08, H 4.14, N 27.96. DSC (5 °C min� 1): � 31.0 °C
(glass transition), 186.4 °C (dec). Mn (calculated, MW (188 g
mol� 1) · [M]/[I]): 3762 g mol� 1. IS: 7 J. FS: >360 N.

3 Results and Discussion

3.1 Monomer Synthesis

All monomers were prepared according to literature, modi-
fied literature procedures, or common synthetic strategies
(NIMMO) as depicted in Scheme 1.

The key monomer, TNPO (1), was prepared by the re-
action of lithium oxetan-3-olate (formed in situ) with picryl
chloride in THF to afford TNPO as yellow solid in 70% yield.
If necessary, the crude product can be purified by recrystal-
lization from hot chloroform [8]. Azidation of 3-tosyloxyox-
etane using sodium azide in dry DMSO according to our re-
cently published procedure gave 3-azidooxetane (2) as
yellowish liquid [12]. To achieve purity suitable for polymer-
ization, the crude product was distilled under reduced pres-
sure to afford colorless 3AO in 60% yield. To prepare
AMMO (3), 3-hydroxymethyl-3-methyloxetane was first me-
sylated in DCM using mesyl chloride and triethylamine as a
base. After liquid-liquid-extraction, the crude product was
azidated analogous to literature using sodium azide in wa-
ter under reflux conditions and tetrabutylammonium bro-

mide (TBAB) as catalyst [13]. To achieve sufficient purity, the
crude compound was subject to vacuum distillation to af-
ford 58% of colorless AMMO. The same reaction conditions
were applied for the literature-analogous [13] azidation of
3,3-bis(chloromethyl)oxetane (BCMO) to afford crude BAMO
(4) in 81% yield as yellow liquid. As before, the monomer
was purified by vacuum distillation to give colorless BAMO
with an overall yield of 70%. The organic nitrate NIMMO (5)
was prepared by nitration of the corresponding alcohol in
DCM using acetyl nitrate as a mild, cost-efficient nitrating
agent. After liquid-liquid extraction, traces of acid and ace-
tyl nitrate were fully removed using sodium bicarbonate
solution to allow a safe purification by vacuum distillation
to afford NIMMO as a colorless liquid in 52% yield. AMNMO
(6) was obtained in a two-step process according to patent
literature [11]. First, 3-bromomethyl-3-hydroxymeth-
yloxetane (BMHMO) was azidated under reflux conditions
using sodium azide and a 1 :1 mixture of water and acetone
to provide 3-azidomethyl-3-hydroxymethyloxetane as a yel-
low liquid. Subsequently, the crude compound was nitrated
using acetyl nitrate in DCM. Again, sodium bicarbonate sol-
ution was used to ensure that the product is free of acid
and acetyl nitrate after liquid-liquid extraction and before

Scheme 1. Preparation of monomers 1–6.
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vacuum distillation. Ultimately, colorless AMNMO was ob-
tained in 42% yield. Of all monomers purified by dis-
tillation, the purifying effect was the lowest in the case of
AMNMO. We assume that the compound partially decom-
poses during vacuum distillation. Hence, the compound
may be purified by column chromatography if a higher pu-
rity is required.

3.2 Polymer Synthesis

A boron trifluoride etherate polyol (butane-1,4-diol) initiat-
ing system was used to prepare all polymers by cationic
ring-opening polymerization (CROP). This initiator is ad-
vantageous, as it allows chain propagation via the activated
monomer mechanism (AMM) and thereby lowers the partic-
ipation of the undesired activated chain end mechanism
(ACE). In general, a high AMM participation significantly re-
duces side reactions such as backbiting or ring elimination.
This in turn decreases the proportion of cyclic species to of-
fer an improved end group functionality. Further, the AMM
is known to provide improved molecular weight control
and polydispersity [14,15].

Apart from the initiator system, the choice of solvent
turned out to be problematic, as TNPO is sparingly soluble
in typical, inert solvents for CROP such as dichloromethane
or chlorobenzene. With these solvents, the desired mono-
mer concentration of 2 molL� 1 was only achieved by slight
heating and application of ultrasound before dosing of the
monomer solution. Unfortunately, TNPO showed a high
tendency to precipitate partially and thus clogged the feed-
ing needle. As sulfolane is reported to have a rate accelerat-
ing effect on the CROP of 2-oxazolines [16], dissolves TNPO
well, and may show similar effects in the case of oxetanes,
it was chosen as an alternative. As the solvent dryness is of
utmost importance for a successful CROP, sulfolane was
dried in the molten state (30 °C) using calcium hydride un-
der a protective atmosphere (argon). Afterward, it was dis-
tilled under high vacuum conditions (110 °C, 0,1 Pa) onto a
mole sieve using a protective atmosphere (argon). As sulfo-
lane itself tends to solidify at room temperature, 10 vol% of
dry dichloromethane was added. To ensure comparability
of the reactions and to evaluate TNPO’s polymerization be-
havior, its homopolymer and all copolymers were prepared
under the same conditions (see 2.2, SI). Unfortunately, elec-
tron-withdrawing substituents as in the case of TNPO lower
the basicity of the oxetane oxygen atom which is crucial for
a successful polymerization [17]. Further, we assumed steric
hindrance during chain propagation due to the bulky, nitro-
aromatic motif. Hence, a quite low monomer to initiator ra-
tio ([M]/[I]=20) was used to ensure proper initiation, and a
rather long reaction time of 48 hours was applied.

In the case of poly(TNPO) (Scheme 2), an initiator sol-
ution was prepared under dry conditions and a protective
atmosphere according to the stated general procedure.

Then, the intense yellow monomer solution was dosed uni-
formly using a syringe pump.

After several hours, a continuous color change from yel-
low to orange was observed. After 48 hours, the solution
had turned deep red. The polymerization was quenched
with water, vigorously stirred for five minutes and the crude
polymer was precipitated by the addition of excess
methanol. Hereby, the polymer was obtained as a deep or-
ange slurry at the bottom of the flask. The supernatant was
removed and the crude polymer dried under high vacuum
conditions (70 °C, 0,1 Pa, 24 h). Unfortunately, NMR spectro-
scopy (1H) revealed larger traces of sulfolane, butane-1,4-
diol (BDO), and TNPO. For further purification, the polymer
was dissolved in the minimal amount of hot acetone and
precipitated again with a large excess of methanol. A yel-
low to orange, homogeneous suspension was obtained and
the polymer was collected by centrifugation (6000 rpm,
20 min). The supernatant was removed (pipette) and drying
under high vacuum conditions (70 °C, 0,1 Pa, 24 h), gave
poly(TNPO) (P1) as brittle, yellow solid with a satisfying
yield of 70%. The copolymers P2–P6 were obtained by co-
polymerization of TNPO with the azido comonomers 3AO
(P2), AMMO (P3), BAMO (P4) as well as the organic nitrates
NIMMO (P5) and AMNMO (P6) using identical conditions
and a similar scale (Scheme 3).

The respective comonomers were used in equimolar
amounts to examine whether the stoichiometry is ulti-
mately mirrored by the copolymers as deviations would in-
dicate significantly different monomer reactivities. As in the
case of P1, a notable color change from initially yellow over
dark orange to dark red was observed during the polymer-
ization. After quenching with water and the addition of ex-

Scheme 2. Preparation of poly(TNPO) by cationic ring-opening
polymerization.

Scheme 3. Preparation of copolymers P2–P6 using TNPO and prior
art energetic oxetanes as comonomers.
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cess methanol, copolymers P2–P6 were obtained as dark
orange slurries, which settled at the bottom of the flask. In
each case, the supernatant was removed (pipette) and the
crude polymer was analyzed by 1H NMR spectroscopy.
Again, an impurification with sulfolane, BDO, and larger
quantities of TNPO was found. The latter can be explained
by the fact that TNPO partially precipitates together with
the polymer, while all other monomers represent liquids
that easily migrate into the organic phase for their removal.
For this reason, P2–P6 were further purified as performed in
the case of P1. After centrifugation and removal of the su-
pernatant, the copolymers were transferred to another flask
using acetone. Subsequently, the solvent was removed by
rotary evaporation, and P2–P6 were dried (70 °C, 0,1 Pa,
24 h) to give essentially orange, brittle solids with yields in
the range of 46–83%.

Since we intended to study the influence of the TNPO
repeating unit on the glass transition temperature of these
copolymers, it was necessary to know the glass transition
temperatures of the parent homopolymers. Unfortunately,
the corresponding TG is not literature-known in the case of
P6 as poly(AMNMO) (P7) has only been incompletely de-
scribed in a patent [11]. As the stated polymerization con-
ditions seemed inappropriate regarding monomer feeding
and reaction time, we prepared P7 using modified con-
ditions (Scheme 4).

Here, the monomer feeding duration, as well as the re-
action time, was increased from 10 minutes and 17 hours to
3 hours and 48 hours, respectively. A monomer concen-
tration of 2 molL� 1 instead of roughly 2.7 molL� 1was em-
ployed, but the monomer to initiator ratio [M]/[I] of 20 was
kept as well as the solvent which dissolves both monomer
and polymer well [11]. Contrary to the information dis-
closed, the polymer was not obtained as colorless oil but
rather as an opaque, colorless, and resin-like material with a
yield of 64%, which is slightly below the claimed yield of
75%.

3.3 Polymer Characterization

3.3.1 Gel Permeation Chromatography

The molecular weight distribution of all polymers was as-
sessed by gel permeation chromatography (GPC) using
polystyrene standards and a HITACHI L-2350 instrument
equipped with a RI and UV detector and a “PSS SDV combi-

nation low” column (100–60.000 Da). THF was employed as
solvent at a flow rate of 1 mLmin� 1. The evaluation was
performed using the PSS WinGPC software. Subsequently,
the experimentally determined average molecular weight
Mn was compared to the theoretical average molecular
weight (Mn (th.)). The latter was calculated based on the
monomer to initiator ratio (20), the molecular weight of the
repeating unit (MWR), and the assumption that BDO (MW=

90.1 gmol� 1) acts as an initiator to become incorporated
into the polymer chain (Mn (th.)=20 ·MWR+90.1 gmol� 1).
The values of Mn, Mn (th.), the weighted average molecular
weight MW, and the corresponding polydispersities Đ for
polymers P1–P6 are summarized in Table 1.

Surprisingly, the actual molecular weights are far below
expectation and unfortunately reveal the predominant for-
mation of oligomers. Further, the polydispersities are rather
high and linked to broad molecular weight distributions as
can be seen in the corresponding GPC plots of P1–P6 (Fig-
ure 1). These findings contradict a “living character” of the
polymerization reactions and further indicate a high con-
tribution of the ACE mechanism. These results can be large-
ly explained by a very slow polymerization initiation. In this
case, the monomers are added considerably faster than

Scheme 4. Preparation of poly(AMNMO) using modified literature
conditions.

Table 1. GPC results in comparison to calculated average molec-
ular weights for polymers P1–P6.

Polymer Mn(th.)
a Mn

b MW
c Đd

P1 5703 2008 4548 2.27
P2 7685 1995 4071 2.04
P3 8246 1352 4356 3.22
P4 9066 1768 4388 2.48
P5 8646 1586 2630 1.66
P6 9466 1530 4939 3.23
a Theoretical average molecular weight ([M]/[I]+90.1); b Average
molecular weight by GPC; c Weight average molecular weight by
GPC; d Polydispersity (MW/Mn).

Figure 1. GPC analysis of poly(TNPO) (P1) and copolymers P2–P6.

Energetic Polymers: A Chance for Lightweight Reactive Structure Materials?

Propellants Explos. Pyrotech. 2022, 47, e202100368 (5 of 10) © 2022 The Authors. Propellants, Explosives, Pyrotechnics published by Wiley-VCH GmbH

 15214087, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prep.202100368 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



they are initiated to result in a propagating chain. Due to
overdosing, the monomers are initiated when present in
high concentration and cause a large number of chains to
grow in parallel. This results in correspondingly short chains
and high polydispersities as observed. This assumption was
further supported by a brief screening experiment. As the
highest molecular weight deviation and polydispersity was
observed for P6, we dosed the monomer solution at three
different feed rates according to Table 2.

While a one-hour addition led to an extreme discrep-
ancy of number and weight average molecular weight asso-
ciated with a broad distribution, it was possible to reduce
the polydispersity from 20.2 to 4.3 by doubling the addition
time (2 hours). Further, the sixfold addition time (6 hours)
resulted in improved convergence of Mn and MW – but the
additional decrease of polydispersity is rather limited. Over-
all, the data reveals a strong dependence of polydispersity
and molecular weight control on the monomer feeding du-
ration. This behavior further proves the initial assumption
and can be explained by the existence of a so-called in-
duction period leading to an undesired accumulation of
monomers [14]. The effect was described by Kim et al. and
is linked to the aggregation of BDO with boron trifluoride
at the start of the monomer addition [14,18]. Aggregated
initiators are thought to be less reactive [18,19] and can
cause an uncontrolled favoring of the ACE mechanism to
result in the formation of cyclic oligomers, a high poly-
dispersity, and decreased hydroxyl group functionality [14].
The fact that a considerably increased addition time only
resulted in a slight improvement (Table 2) is consistent with
the assumption of an induction period due to a reduced ini-
tiator activity. Ultimately, high participation of the ACE
mechanism was confirmed by NMR spectroscopy (1H, 13C).
In case of propagation through the AMM, BDO is in-
corporated into the polymer providing a distinctive signal
in the proton spectrum (1.4–1.7 ppm) [20] and the carbon
spectrum (~15 ppm). As these signals were not observed
(see SI), chain propagation through the ACE mechanism is
strongly indicated. However, improved results may be ob-
tained by further adjustment of the polymerization con-
ditions or the use of other initiators.

3.3.2 Polymer Constitution

If two monomers M1 and M2 shall form a copolymer (P2–
P6), the chain sequence depends on their reactivity de-
scribed by the corresponding reactivity ratios r1 and r2. Sev-
eral important limiting cases can occur, first described by
Mayo and Lewis [21]. If both reactivity ratios (r1, r2) are sig-
nificantly larger than 1, both monomers solely react with
themselves to form homopolymers. If both ratios are slight-
ly larger than 1, homopolymerization is preferred (M1 adds
to M1, M2 adds to M2), resulting in a block copolymer. If r1 is
significantly larger than 1, while r2 is significantly below 1,
M1 adds faster to growing chains already terminated by M1

to cause an increased M1 content in the final polymer (com-
position drift). If r1 and r2 are close to 0, M1 adds M2 and
vice versa to give a perfectly alternating chain. If both ratios
are close to 1, a statistical copolymer is formed. Therefore,
we analyzed the composition of the copolymers P2–P6 to
allow first conclusions to be drawn about the polymer-
ization behavior of TNPO and the reactivity ratio. In this
context, the composition was mainly studied via 1H NMR
spectroscopy as TNPO provides a very distinctive signal in
the aromatic region (~9 ppm) which does not overlap with
other signals. Here, the obtained integrals indicated very
equal proportions of both monomers in each case with ex-
ception of P5. Here, the methyl group of NIMMO provided
a distinctive signal (0.73–1.66 ppm) with an integral of only
2 indicating a slight composition toward an increased TNPO
content. In addition, the copolymers were subject to ele-
mental analysis. Here, the found contents for hydrogen, car-
bon, and nitrogen essentially matched the calculated com-
positions for 1 :1 copolymers. However, it must be
considered that polymers, in general, show higher devia-
tions than monomers, thereby reducing the overall sig-
nificance of the elemental analysis. Thermal analysis by DSC
revealed only one glass transition temperature for P2–P6
contradicting block copolymers. As both NMR spectroscopy
(1H) and elemental analysis revealed slight deviations from
the ideal comonomer ratio (1 : 1), statistical copolymers are
strongly indicated. Nevertheless, we can conclude that the
polymerization behavior of TNPO is very comparable to the
literature-known energetic oxetanes. Based on the obtained
polymer constitutions, reactivity ratios close to 1 can be an-
ticipated for all employed monomers.

3.3.3 Thermal Analysis

The thermal behavior of all polymers was assessed by dif-
ferential scanning calorimetry at a heating rate of
5 °Cmin� 1. Before the measurement, these were stored at
room temperature for three weeks to ensure the same ther-
mal history. The highest decomposition temperature was
found for poly(TNPO) which decomposes surprisingly early
at 205 °C in comparison to the monomer which decom-
poses 253 °C. As expected, rather low decomposition tem-

Table 2. Dependence of molecular weight distribution and poly-
dispersity on monomer addition time (P6).

Feed duration [h] Mn
a MW

b Đc

1 972 19591 20.2
2 517 2209 4.28
6 1530 4939 3.23
a Average molecular weight by GPC; b Weight average molecular
weight by GPC; c Polydispersity (MW/Mn)
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peratures were found for copolymers containing nitrato
groups. Here, polymer P5 decomposes at 185 °C, while P6
decomposes even earlier at 183 °C. Unfortunately, equally
low decomposition temperatures below 200 °C were as-
sessed in the case of the azido-copolymers P2–P4. The low-
est decomposition temperature was observed for P2
(178 °C), followed by P3 (184 °C) and P4 (190 °C). Here, it is
notable that P5 and P6 decompose at a marginally higher
temperature than the corresponding comonomers NIMMO
and AMNMO. Contrary to this, the decomposition temper-
atures of P2–P4 are significantly lower than those of the
corresponding comonomers 3AO, AMMO, and BAMO (see
SI). Since the decomposition temperature is lowered by
more than 4 °C compared to the respective azido-co-
monomers, a polymer-internal incompatibility of the azido
motifs with the nitroaromatic TNPO motif is likely [22]. Fur-
ther, all polymers have a stepwise, non-uniform decom-
position with overlapping exothermic signals in common,
while none of the polymers showed an exothermic signal
attributable to a crystallization process. Therefore, all poly-
mers are fully amorphous.

Most importantly, the influence of the TNPO repeating
unit on the glass transition temperatures (TG) of copolymers
P2–P6 was examined by comparing these with the glass
transition temperatures of the corresponding parent poly-
mers [5,12,23,24].

Here, the TNPO repeating unit showed a very dominat-
ing effect on the TG and caused a drastic increase in all cas-
es as desired (Table 3). The smallest shift of +43 °C was ob-
served for poly(TNPO-stat-AMMO) (P3), while a tremendous
shift of +80 °C was observed for poly(TNPO-stat-3AO) (P2).
Very surprisingly, poly(TNPO) itself only shows a TG of 63 °C,
further emphasizing the considerable effect of the slightly
bulky TNPO motif on the glass transition in the case of P2–
P6.

As the glass transition temperatures of poly(TNPO) (TG2)
and the parent homopolymers of P2–P6 (TG1) are known,
the TG of copolymers with different compositions can be
calculated using the Gordon-Taylor equation [25]:

TG copolymer ¼
w1TG1 þ kw2TG2

w1 þ kw2

Here, w1 and w2 represent the mass fractions of the as-
sociated parent homopolymers. To determine the di-
mensionless Gordon-Taylor constant k, the equation was re-
arranged:

k ¼
w1ðTG � TG1Þ

w2ðTG2 � TGÞ
¼

MW1ðTG � TG1Þ

MW2ðTG2 � TGÞ

As equimolar monomer amounts were employed in the
case of P2–P6, the mass fraction w1/w2 can be replaced by
the monomer’s molecular weight fraction (MW1/MW2). For
instance, with k=0.73, poly(TNPO-stat-3AO) comprising
0.05 mass fractions TNPO (w2) and 0.95 mass fractions of
3AO (w1) would roughly show a TG of � 51 °C.

Apart from calculations, our results indicate the feasi-
bility of glass transition temperatures suitable for the envi-
sioned purpose and bulky, energetic side groups will surely
take a key role. Therefore, other bulky motifs that impose
rigidity to the polymer chains like energetic heterocycles
(e.g., tetrazoles, pyrazoles), are a promising starting point
for the development of suitable oxetane monomers. Be-
yond, an adjustable crosslinking of the chains should be im-
plemented through functional side groups to allow tailor-
ing of both TG and mechanical properties.

3.4 Physicochemical and Energetic Properties

To consider energetic polymers as RSM, a performance at
least equal to known, metal-based RSMs is required. Un-
fortunately, the performance of known energetic poly-
oxetanes (e.g., poly(AMMO), poly(NIMMO), poly(BAMO)) is
very low. Foremost, this is attributed to their low density
(1.17–1.25 gcm� 3) [26] on which detonation velocity and
detonation pressure strongly depend [6]. As polymer den-
sities roughly match the monomer densities, TNPO offers a
considerable energetic contribution to copolymers P2–P6
with a high density of 1.70 gcm� 3. The polymer densities
were determined by helium pycnometry on a Micromeritics
AccuPyc II 1345 device. As expected, poly(TNPO) offers the
highest density (1.62 gcm� 3), while the lowest was found
for P3 (1.46 gcm� 3). All other polymer densities range be-
tween 1.50 and 1.54 gcm� 3. Thereby, all densities are nota-
bly higher than in the case of the aforementioned poly-
oxetanes.

To calculate the performance of P1–P6 using the EX-
PLO5V 6.04 code, the heats of formation were determined
by bomb calorimetry using literature methods [14,27]. A
Parr 6200 Isoperibol bomb calorimeter was employed and
calibrated using benzoic acid (combustion enthalpy
26432�32.7 Jg� 1) [28]. Nitric acid formation was directly
factored by the device. Tablets were prepared by dissolving
the respective polymer and benzoic acid (ratio 3 : 10 by
mass) in acetone followed by careful rotary evaporation.
The obtained solid was dried (drying cabinet, 48 h, 50 °C)
and then ground until homogeneous. Subsequently, tablets

Table 3. Glass transition temperature of the parent homopolymers
(TG1) versus TG of the copolymers and calculated Gordon-Taylor-
constants k.

Homopolymer TG1 [°C] TG copolymer ΔTG k

Poly(3AO) � 55 [12] 25 80 0.73
Poly(AMMO) � 42 [5] 1 43 0.31
Poly(BAMO) � 41 [23] 23 64 0.94
Poly(NIMMO) � 25 [24] 36 61 1.17
Poly(AMNMO) � 31 42 73 2.29
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were pressed (5 s, 3 tons) and again dried under the afore-
mentioned conditions. Afterward, each tablet was burned
in a pure oxygen atmosphere (3,5 MPa) on a platinum cru-
cible. According to Hess‘ law, the heat of formation (HOF) is
obtained as the difference between the HOF of the com-
bustion products (CP) and the measured heat of combus-
tion HC:

DH0
f polymerð Þ ¼ DH0

f CPð Þ � DHC polymerð Þ

The heat of formation of carbon dioxide and water is
� 393.52 kJmol� 1 and � 241.83 kJmol� 1, respectively [29].
Table 4 summarizes the obtained average values for HC and
the calculated heats of formation for P1–P6. Further details
can be found in the Supporting Information.

For all polymers, a positive heat of formation was found.
As expected, the lowest HOF was found for P5, as it exhibits
the least nitrogen content and additional carbon-hydrogen
ballast is introduced by the NIMMO monomer. As the ni-
trato group of P5 is formally replaced by an azido group, P3
shows a significantly higher heat of formation

(241.2 kJmol� 1), closely followed by poly(TNPO)
(281.2 kJmol� 1). The HOF further increases in accordance
with expectation from P2 (426.7 kJmol� 1) to P6
(703.5 kJmol� 1) and culminates with a value of
906.4 kJmol� 1 in case of P4, as it represents the by far most
nitrogen-rich azido-polymer.

Ultimately, we calculated the performance of P1–P6
based on the assessed densities and heats of formation.
Due to its comparatively low density and HOF, P3 shows
the lowest performance with a detonation velocity of only
6620 ms� 1 and a detonation pressure of 17.5 GPa. With the
most advantageous combination of HOF and density, P2
and P6 show the highest performances with detonation ve-
locities of 7417 ms� 1 and 7498 ms� 1 next to detonation
pressures of 23.5 GPa and 20.2 GPa, respectively.

Therefore, with exception of P3, all polymers show a cal-
culated performance comparable to (P5) or above TNT (EX-
PLO5 V6.04: pC-J 18.7 GPa, DC-J 6809 ms� 1) as a secondary ex-
plosive (Table 5). Hence, energetic polymers can indeed
provide considerable performance and may offer a sig-
nificant energetic contribution when employed as RSM.

The potential applicability of such materials is further
supported by the found sensitivities towards mechanical
stimuli such as impact and friction. These are rather low –
even when TNPO was copolymerized with very sensitive
monomers like BAMO or 3AO. According to the “UN recom-
mendations on the transport of dangerous goods” [30], all
polymers are “insensitive” toward friction (FS>360 N) with
exception of P2 which is “sensitive” (FS<360 N). Regarding
impact sensitivity, poly(TNPO) (P1) can be classified as “in-
sensitive”, while polymers P2, P3, P5, and P6 show impact
sensitivities between 25 J and 30 J. Thus, they fall slightly

Table 4. Heat of combustion as determined by bomb calorimetry
and calculated heat of formation for polymers P1–P6.

Polymer � HC [kJ mol� 1] HOF [kJ mol� 1]

P1 4669.3 281.2
P2 6599.9 426.7
P3 7685.1 241.2
P4 8229.4 906.4
P5 7452.1 8.2
P6 8026.5 703.5

Table 5. Important physicochemical and energetic properties of homopolymer P1 and copolymers P2–P6.

P1 P2 P3 P4 P5 P6

Formula C9H7N3O8 C12H12N6O9 C14H16N6O9 C14H15N9O9 C14H16N4O12 C14H15N7O12

FW [g ·mol� 1] 285.17 384.26 412.31 453.33 432.29 473.31
ISa [J] 40 25 25 >7 30 30
FSb [N] >360 324 >360 >360 >360 >360
N, Oc [%] 14.7, 44.9 21.9, 37.5 20.4, 34.9 27.8, 31.8 12.9, 44.4 20.7, 40.6
Ωd [%] � 75.7 � 28.5 � 104.8 � 93.5 � 88.8 � 79.4
TG

e/ Tdec
f [°C] 63.0, 204.6 25.2, 177.6 0.7, 183.6 23.4, 190.0 36.0, 185.1 42.4, 183.0

1g [g · cm� 3] 1.62 1.54 1.46 1.50 1.51 1.54
ΔHf

°h [kJ ·mol� 1] 281.2 426.7 241.1 906.4 8.1 703.5

EXPLO5V6.04

� ΔEU°i [kJ·kg� 1] 5794 4686 4713 5555 5168 6091
TC-J

j [K] 3907 3373 3147 3607 3362 3800
pC-J

k [GPa] 22.0 23.5 17.5 19.4 18.4 20.2
DC-J

l [m·s� 1] 7197 7417 6620 7056 6817 7498
V0

m [dm3·kg� 1] 658 704 701 720 706 728
a Impact sensitivity (BAM drop hammer, method 1 of 6). b Friction sensitivity (BAM friction apparatus, method 1 of 6). c Nitrogen and oxygen
content. d Oxygen balance based on CO formation. e Glass transition temperature (DSC, β=5 °C ·min� 1). f Decomposition temperature (DSC,
β=5 °C ·min� 1). g Density at 298 K (helium pycnometry). h Standard molar enthalpy of formation. i Detonation energy. j Detonation temper-
ature. k Detonation pressure. l Detonation velocity. m Volume of detonation gases at standard temperature and pressure.
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short of the classification as “less sensitive” (IS�35 J) and
have to be declared as “sensitive” (IS�4 J) despite their
overall low impact sensitivity. According to expectation, co-
polymer P4 shows the highest impact sensitivity (>7 J) ow-
ing to the BAMO repeating unit and needs to be classified
as “sensitive”. With exception of P4, the overall sensitivity of
the copolymers seems predominantly influenced by the
high insensitivity of the TNPO monomer. This raises hope
that a particularly insensitive but still high-performing
monomer like TNPO can be copolymerized in high pro-
portions with more performant, maybe more sensitive mon-
omers to only cause a minor sensitivity increase.

4 Conclusion

As energetic binder research has mainly focused on elastic
polymers with the lowest possible glass transition temper-
ature, the development of polymers suitable as RSM is likely
to be a long path with major obstacles. This can be attrib-
uted to the lack of suitable monomers and not least to the
requirements for a viable polymer such as high thermo-
stability and performance, low sensitivity, high glass tran-
sition temperature, mechanical strength, and processability
by common polymer techniques. Of course, copolymeriza-
tion of TNPO with prior art monomers unsuitable for the in-
tended purpose cannot meet these requirements. Never-
theless, our results allow interesting conclusions to be
drawn. For instance, simple but slightly bulky motifs like
TNPO already provide notably high glass transition temper-
atures. Especially, the equimolar copolymerization of TNPO
with prior art monomers designed to provide binders of
low glass transition temperature revealed its dominant ef-
fect. In the case of P2, a tremendous shift of +80 °C was
observed in comparison to the parent homopolymer
poly(3-azidooxetane). Thus, it can be assumed that bulky
monomers similar to TNPO can easily provide the desired,
high glass transition temperatures. In particular, energetic
heterocycles (e.g., pyrazoles, tetrazoles) may offer a val-
uable contribution. At first glance, the fact that we only ob-
tained oligomers with also high polydispersity seems very
disadvantageous. However, a reduced initiator activity was
identified as the main cause. The basic phenomenon is
known to literature and improved results are likely using
other polymerization initiators. Nevertheless, as all copoly-
mers essentially reflect the intended 1 :1 comonomer ratio,
no indication is given that sterically more demanding mo-
tifs such as TNPO suffer from a reduced polymerizability.
Apart from this, the performance of the investigated poly-
mers appears very promising for the envisioned use of such
materials as RSM. In this context, performances in the range
of TNT were obtained even under non-optimized con-
ditions. Thus, energetic polymers as reactive structure ma-
terials could provide a significant energetic contribution to
increasing the blast effect of various ammunitions and ef-
fector systems. In addition, the rather high performance

was linked to very acceptable sensitivities. Copolymeriza-
tion of the insensitive TNPO monomer with more sensitive
but also more performant monomers led to an almost neg-
ligible increase of the friction sensitivity, while the increase
in shock sensitivity was found to be more pronounced.
Overall, polymer-based RSMs may provide a favorable bal-
ance between performance and sensitivity – especially
when insensitive but rather powerful monomers such as
TNPO partially compensate for the higher sensitivity of
higher-performing comonomers. Nevertheless, to achieve
any substantial progress in the intended direction, the de-
velopment of new, suitable monomers is of utmost im-
portance. These should be designed to allow the formation
of rigid polymer chains and semi-crystalline polymers. Ex-
hibiting a melting point would allow processing techniques
from injection molding to 3D printing. Even though the de-
velopment of viable polymers appears challenging, we con-
sider their development as reasonable, given the manifold
advantages. Among others, these include a high weight re-
duction compared to metal-based RSMs, a high perform-
ance, independence from atmospheric oxygen, broad ap-
plicability, and the possibility to obtain energetic, technical
components by common processing techniques. Therefore,
we hope that the concept will find sufficient appeal to pro-
vide an impetus for more focused research in this area.

5 Abbreviations

DCM dichloromethane
DMSO dimethyl sulfoxide
TEA trimethylamine
THF Tetrahydrofuran
TNT 2,4,6-trinitrotoluene
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