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In aerospace applications, such as rockets and missiles, using thermoplastic elastomers (TPEs) in rocket pro-
pellants offers favorable properties that may allow them to replace traditional thermosetting elastomers. This
study investigates the synthesis of energetic thermoplastic elastomers (ETPEs) with energetic characteristics,
specifically focusing on synthesizing glycidyl azide polymer (GAP) ETPE and the effect of varying hard segment
ratios on their physical properties. However, only the presence of azide side chains negatively impacts the
mechanical properties of the ETPE and to address this issue, an ABA triblock copolymer synthesis approach is
employed, utilizing poly (e-caprolactone) (PCL) long linear chains to modify the original GAP, forming PCL-GAP-
PCL ETPE. The introduction of PCL-GAP-PCL triblock copolymers significantly enhanced the mechanical prop-
erties of the resulting ETPE, providing substantial benefits for its use in specific environments. Furthermore, this
study also investigates the effects of varying soft/hard segment ratios in the ETPE, suggesting that the subsequent
incorporation of oxidizer fillers could yield favorable mechanical properties. Additionally, 2D infrared spec-

troscopy (2D-IR) was utilized to understand the effects of hydrogen bond formation and dissociation.

1. Introduction

Energetic materials are frequently applied in the aerospace and de-
fense industries [1-4]. In the aerospace field, the focus is primarily on
satellite systems and the rapidly growing rocket launch industry. Pro-
pulsion systems, which are the core of rocket power, could be catego-
rized into solid, liquid, and hybrid propellants [5-7]. Liquid propellants
often face storage challenges, particularly with oxidizers, complicating
storage conditions and imposing higher demands on the materials of
rocket components, thereby significantly increasing costs. Conse-
quently, there has been growing interest in improving solid propellants.
Traditionally, thermosetting propellants have been used, but they also
present several challenges, and solid rocket propellants are typically
processed using either thermosetting or thermoplastic methods. Tradi-
tional thermosetting propellants, such as hydroxyl-terminated poly-
butadiene (HTPB) propellants, offer advantages such as high solid

content, high density, high specific impulse (), good safety, and low
cost [8]. However, their manufacturing process is complex, involving
multiple steps such as pre-mixing, mixing, casting, curing, demolding,
and shaping. These processes require specialized molds to control the
grain shape, making it difficult to produce complex grain geometries.
Furthermore, the process and storage are susceptible to moisture. These
issues have led to increasing interest in developing thermoplastic elas-
tomers for use in propellants, which has become an important area of
research [9,10].

Compared to traditional thermosetting propellants, thermoplastic
propellants offer several advantages, including ease of processing, no
pot-life limitations, fast curing, low sensitivity to moisture, low toxicity
(or even non-toxicity), and reprocessability. These characteristics sug-
gest that thermoplastic propellants have the potential to serve as green
propellants [11]. In the application of thermoplastic propellants, the use
of energetic thermoplastic elastomers (ETPEs) as binders offers notable
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superiority. Polymers like poly (3-nitratomethyl-3-ethyloxetane) (Poly
(NiMMO)) [12], glycidyl azide polymer (GAP) [13,14], Poly (GlyN)
[15], poly (8,3-bis(3-azidomethyl)oxetane) (PBAMO) [16], and poly
(3-azidomethyl-3-methyloxetane) (PAMMO) [17], are favored due to
their energetic properties, stemming from their azido and nitro func-
tional groups. Among these polymers, GAP has garnered particular
attention for its excellent properties as an ETPE binder. Despite the
relatively rigid backbone and side-chain structure of GAP [18], its
relatively straightforward two-step synthesis and cost-effectiveness
make it an excellent candidate for developing ETPEs. GAP could
enhance compatibility with oxidizers and increase the energy density of
propellant formulations [19-22]. Even though GAP has been widely
investigated as a propellant binder, its inherent mechanical performance
is limited, making it insufficient for certain applications [23-25].

In this study, we aimed to enhance the mechanical properties, flex-
ibility, and thermoplasticity of GAP-ETPE. Polycaprolactone (PCL) is a
semicrystalline, biodegradable polymer from the aliphatic polyester
family, known for its excellent mechanical properties, making it suitable
for thermoplastic processing [26-29]. To achieve this, we introduced
the concept of a triblock copolymer by modifying GAP with ester-based
segments to improve its flexibility during elastomer formation. Specif-
ically, PCL was tethered onto both ends of GAP to serve as a flexible
segment. PCL, a common soft segment in polyurethane (PU) synthesis,
consists of flexible molecular chains with five nonpolar methylene
(-CHy-) groups and one polar ester (-COO-) group. Polytetramethylene
ether glycol (PTMEG) has four methylene (~CHy-) groups and one ether
oxygen (-0O-), offering low polarity and excellent flexibility due to its
low glass transition temperature (Tg). While PCL has a slightly higher T,
its semicrystalline nature ensures good elasticity. In contrast, poly-
ethylene oxide (PEO), composed of ethylene glycol (-CHy-CHy-0O-)
units, exhibits higher crystallinity and chain rigidity, limiting its flexi-
bility [30,31]. Therefore, PCL is a suitable modifier for GAP due to its
flexibility, cost-effectiveness, and ability to enhance the toughness of the
soft segment without requiring additional plasticizers [32,33]. We
compared the performance of ETPEs synthesized using pure GAP ho-
mopolymer as a polyol with those using PCL-GAP-PCL triblock co-
polymers, which were synthesized with 4,4-methylene bis(cyclohexyl
isocyanate) (HMDI) and 1,4-butanediol (1,4-BDO) as the hard segment.
The molecular weight of the PCL-GAP-PCL triblock copolymer was
designed to be comparable to that of the GAP homopolymer, and under
similar conditions, we successfully fabricated energetic thermoplastic
elastomers. Notably, the synthesized PCL-GAP-PCL ETPE not only
retained its energetic properties but also exhibited excellent thermo-
plasticity and significantly improved mechanical performance. We also
investigate the effect of the hard segment ratios on the properties of
GAP-based energetic thermoplastic elastomers (GAP-ETPE) and explore
the impact of incorporating triblock copolymer of PCL-GAP-PCL ETPE
on enhancing the mechanical properties of the elastomers. Additionally,
the influence of hydrogen bonding interaction in polyurethane on the
thermoplastic performance is also examined.

2. Experimental section
2.1. Materials

(£)-Epichlorohydrin (ECH, 99 %), 2,2-bis(bromomethyl)-1,3-pro-
panediol, boron trifluoride diethyl etherate (BTFE, 98 %), the isocya-
nate and the chain extender used in the synthesis of ETPE were 4,4
methylenebis (cyclohexyl isocyanate) (HMDI, 90 %) were obtained from
Thermo Scientific. Analytical grade chemicals, including dichloro-
methane (DCM), n-hexane, tetrahydrofuran (THF), ethyl acetate (EA),
and N,N-dimethylformamide (DMF) were sourced from Acros Organics.
Sodium azide (NaN3), sodium chloride (NaCl), and magnesium sulfate
anhydrous (MgSO4) were procured from SHOWA. The e-caprolactone
monomer (e-CL) was sourced from Sigma-Aldrich and dehydrated using
CaH,; for one day. Dibutyltin dilaurate (DBTDL, 95 %) was obtained
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from Tokyo Chemical Industry (TCI). 1,4-Butanediol (1,4-BDO, 99 %)
was purchased from Alfa Aesar.

2.2. Synthesis of polyepichlorohydrin (PECH) [34]

2,2-Bis(bromomethyl)-1,3-propanediol and boron trifluoride diethyl
etherate acted as initiator and catalyst, respectively, and were placed in
a 500 mL three-neck round bottom flask. After that, DCM was added to
dissolve the solid, and then the flask was treated under a nitrogen at-
mosphere. The mixture was stirred with a magnetic stirrer at ambient
temperature for 30 min and then cooled in an ice bath. Subsequently, the
ECH monomer was added dropwise at approximately 65 mL/h. The
mixture reacted for 4 h and then terminated. Finally, the solution was
purified by extracting it three times with 200 mL of saturated NaCl
aqueous solution. The organic layer was dried over anhydrous MgSO4,
and filtered, and the DCM was removed by rotary evaporation to obtain
PECH; ¢ with a yield of approximately 96 wt% and PECHg with a yield of
approximately 83 wt%.

2.3. Synthesis of glycidyl azide polymer (GAP) [34]

PECH obtained was placed into a three-neck flask with an excess of
NaN3 and 200 mL of DMF. The mixture was heated to 120 °C and reacted
for 24 h. After cooling, unreacted NaNs and by-products NaCl were
removed by filtration. The product was then concentrated by rotary
evaporation to remove the DMF solvent, yielding the crude product GAP
homopolymer. The crude product was dissolved again in EA and
extracted three times with saturated NaCl aqueous solution. The organic
layer was concentrated by rotary evaporation to obtain GAP
homopolymer.

2.4. Synthesis of PCL-GAP-PCL triblock copolymer

To better investigate the differences between pure GAP homopoly-
mer and PCL-GAP-PCL triblock copolymer when used as polyols, we
synthesized them with as similar molecular weights as possible for
comparison. PCL-GAP-PCL triblock copolymer with different molecular
weights was synthesized through ring-opening polymerization by using
GAPg. The reactions were carried out with GAPg and ¢-CL at weight
ratios of 1:1, 1:2, and 1:4. Approximately DBTDL (0.3 mL) was used as a
catalyst, and the mixture was degassed by freeze drying to remove
water. The reaction was performed under a nitrogen atmosphere by
heating to 120 °C for 24 h. Three types of PCL-GAP-PCL triblock co-
polymers were obtained for comparison.

2.5. Synthesis of the HMDI-Based GAP-ETPE and PCL-GAP-PCL ETPE

GAP and PCL-GAP-PCL triblock copolymers, which serve as polyols,
as soft segments. These were pretreated by placing them in an oven at
90 °C for 2 h. After removal, they were reacted into a three-neck flask.
The flask was equipped with a mechanical stirrer, and the system was
subjected to vacuum and nitrogen purging three times to maintain an
inert nitrogen atmosphere. Subsequently, catalyst DBTDL (0.25 mL) was
added to the flask and stirred thoroughly. The temperature was then
raised to 90 °C. HMDI, representing the hard segment, was withdrawn
using a syringe to prevent direct exposure to ambient moisture. It was
swiftly injected into the flask, and the reaction proceeded for 2 h. Af-
terward, 1,4-BDO was placed in an 80 °C oven for 1 h as the hard
segment and chain extender. Following the completion of the prepol-
ymer reaction, the temperature was lowered to 60 °C. 1,4-BDO was
added and stirred continuously until homogeneous. The entire reaction
mixture was then transferred into a suitable container and placed in an
oven for a curing reaction at 100 °C for 24 h. The hard segment (HS)
weight fraction of ETPE was calculated by using HS% = (Wgppr +
W1,4—BDO)/(WHMDI + W1,4—BDO + Wpolyol)- The mass of the energetic
polyol, HMDI, and 1,4-BDO used in the calculation are provided in
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Tables S2 and S3.
3. Results and discussion

In this study, Fig. 1(a) illustrates that PECH uses 2,2-bis(bromo-
methyl)-1,3-propanediol with two Br atoms as an initiator to obtain
more substituted azido group positions. ECH undergoes cationic ring-
opening polymerization through the activated monomer (AM) mecha-
nism to form a linear structure, avoiding the activated chain end (ACE)
mechanism that leads to cyclization structures [35]. The molecular
weight is controlled by the concentration ratio. Table S1 summarizes the
synthesis conditions of PECHg and PECH;g As displayed in Fig. 1(b),
FTIR spectra confirm the presence of characteristic absorption peaks for
PECH in the fingerprint region, specifically C-Cl at 748 cm™! and C-Br
at 701 cm™ . These sites are replaced by azido groups during the azi-
dation reaction, leading to the disappearance of these signals. A strong
and narrow peak at 2102 cm ™! indicates the presence of azido groups,
while the C-N bond is observed at 1284 cm . Thus, the successful
azidation of PECH to GAP is confirmed by FTIR analysis. Through
analysis of the 'H NMR and '>C NMR spectra, proton signals corre-
sponding to ether units and those attached to Cl and azido groups can be
observed between 3.4 and 3.7 ppm. The peak observed at 3.5 ppm
corresponds to the proton signal of CHy-Br, while the peak at 3.6 ppm
represents the proton signal of CH,-Cl in the repeating unit of ECH.
After the azide reaction forms GAP, the halogen sites are replaced by N3,
causing the proton signal to shift to 3.33 ppm (-CH2-N3) (Fig. 1(c)). In
the 13C NMR spectra, the signals for ether groups are more clearly
distinguished. The chemical shift positions for the carbon atoms in
CH,-Cl and CHy-Br at 44.1 ppm and 34.5 ppm respectively shifted to
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51.5 ppm and 53.1 ppm after being substituted by the azido group as
CH2-Nj3. The CH carbon signal in O-CHy—CH appears at 79.1 ppm, and
the CH, signal is at 70.4 ppm. The presence of multiple CH; signals
suggests that grafting may occur in head-to-head, head-to-tail, and
tail-to-tail configurations simultaneously (Fig. 1(d)) [36]. Additionally,
we analyzed the molecular weight of the synthesis PECH;9 and GAP19
based on the integral of the signals obtained from the 'H NMR spectrum,
as summarized in Table S2. The azidation phenomenon can also be
observed from GPC analysis. The synthesized samples show a relatively
narrow PDI value of approximately 1.10.

A slight shift in the GPC curve indicates an increase in molecular
weight (Fig. S1). Additionally, we used MALDI-TOF mass spectrometry
to obtain mass spectrometry signals. Each signal unit was quite consis-
tent, with m/z of 1098.67 and 999.17, showing a difference of approx-
imately 99 Da, corresponding to the molecular weight of GAP. The
signals between them, differing by about 14 and 28 Da, correspond to
the splitting of the azido group into N and Nj. By observing approxi-
mately 19 signals and applying the formula, the molecular weight was
determined to be approximately 2057 Da (Fig. 1(e)). Fig. 1(f) shows that
due to the azidation reaction, the Ty of PECH decreased from —43 °C to
the Ty of GAP at —61 °C. This occurs because the original strongly polar
Cl atom is replaced by linear azido groups, which change the molecular
mobility characteristics and increase flexibility, resulting in a lower T,
[37]. From the TGA analysis of thermal decomposition, it can be
observed that GAP,g reaches Tys5 at 231 °C, while PECH;q reaches this
point at 287 °C. The data shows that PECH undergoes significant ther-
mal decomposition between 300 °C and 350 °C, whereas GAP exhibits
the first stage of weight loss between 250 °C and 282 °C. This weight loss
may be attributed to the decomposition of azido groups, leading to the
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release of No. Part of the C-N bonds cyclize at higher temperatures,
forming a cross-linked network structure [38], while the remaining
ether groups continue to decompose from 282 °C to 435 °C. As a result,
GAP demonstrates a higher char yield compared to PECH, approxi-
mately 21.1 wt% (Fig. 1(g)) [39].

This study introduces ester-containing triblock energetic GAP for
investigation. Before synthesizing ETPE, we explored the PCL-GAP-PCL
triblock copolymer and compared it to pure GAP homopolymer as a
polyol as shown in Fig. 2(a). To control for similar molecular weights,
the experiment was designed with a triblock ratio of 0.5:1:0.5 for PCL-
GAP-PCL, targeting approximately 2000 g/mol. Therefore, a low mo-
lecular weight glycidyl azide polymer of about 1000 g/mol was first
synthesized as an intermediate. By increasing the ratio of catalyst to
initiator, GAPg with a molecular weight of about 1000 g/mol was suc-
cessfully synthesized. GAPg was then grafted with CL through ring-
opening polymerization to form a PCL-GAP-PCL triblock copolymer
with different weight ratios. Fig. 2(b) shows that the FTIR spectra of
GAPg have the same azido functional group at 2100 em ! as GAP19. In
the analysis of PCL-GAP-PCL triblock copolymer, the successful graft of
PCL is confirmed by the presence of the same azide signals in the en-
ergetic structure. The 1724 cm ™! and 1734 cm ™! regions show the C=0
crystalline and amorphous signals of the PCL segment, respectively, and
as the amount of grafted PCL increases, the ratio of these two signals
indicates a weakening of the azide signal. Fig. 2(c) and (d) show the Bii
and 13C NMR spectra of the copolymer. As previously mentioned, the
GAP signals are observed between 3.4 and 3.7 ppm. At 2.24 ppm, pro-
tons adjacent to the CH2—-C (=0) carbonyl group of PCL are detected.
The signals at 1.27, 1.55, and 1.58 ppm correspond to the methylene

(a)
H

e-caprolactone (CL)
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protons of PCL after ring-opening polymerization. In the 3C NMR
spectrum, the methylene carbon signals of PCL are observed at 24.3,
25.2, 28.1, and 33.8 ppm. The carbon signal for the O-(CHy) group is
found at 63.9 ppm, and the carbon signal for the PCL carbonyl group -C
(=0)-is at 173.4 ppm. To further confirm that the synthesized PCL-GAP-
PCL triblock copolymer is composed of uniform chain segments, we
employed NMR diffusion-ordered spectroscopy (DOSY) for analysis. As
shown in the upper projection of the 'H NMR signals in Fig. 2(e), the
DOSY spectrum for PCL5-GAPg-PCLs5 exhibits the same diffusion coeffi-
cient across the sample. This consistency indicates that the ring-opening
polymerization was successfully conducted and suggests that there are
no residual small molecules present in the final product, confirming the
uniformity of the synthesized copolymer [40,41]. Fig. 2(f) shows the
DSC thermal analysis of low molecular weight GAPg. Although it has a
lower molecular weight compared to GAP,g, there is no significant dif-
ference in their Ty values, which are relatively close. GAPg has a glass
transition temperature (Tg) of —59 °C, while pure PCL has a Ty of
approximately —70 °C. The incorporation of GAP into the triblock
structure results in an overall decrease in Ty. It is observed that as the
amount of tethered PCL increases, the Tg shows a slight and continuous
decrease. Additionally, during the cooling process, the triblock materials
exhibit cold crystallization (Fig. S6). Since GAP is amorphous and PCL
segments can crystallize, as noted in previous studies, the crystallization
peaks observed during cooling can be attributed to the PCL blocks [42].

The presence of crystallization and two melting peaks is due to the
PCL segments and is also influenced by the intermediate GAP segments
[43,44]. From the TGA in Fig. 2(g), it is observed that the majority of
thermal degradation for GAPg occurs between 150 °C and 280 °C,
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resulting in an overall weight loss of 65 wt%. It is speculated that while
some segments undergo degradation, partial crosslinking occurs, leav-
ing a char yield of 14 wt%. Furthermore, for these three samples con-
taining PCL blocks, it is observed that as the number of PCL blocks
increases, the degradation temperature of GAP also increases. After the
degradation of GAP, the PCL segments undergo degradation as well. As
the proportion of PCL blocks increases, the degree of crosslinking de-
creases, leading to a reduction in char yield. Overall, PCL successfully
undergoes ring-opening polymerization and is tethered to GAP homo-
polymer. As the proportion of PCL increases, the amount of PCL tethered
also increases, leading to a decrease in the original GAP signals and an
increase in PCL signals, which influences the thermal properties of the
original GAP. To analyze molecular weight variations, we utilized GPC,
MALDI-TOF mass spectrometry, and 'H NMR signal integration for
cross-validation. The GPC spectra indicate that as the amount of PCL
increases, the peak shifts toward higher molecular weights (Fig. S4).
Additionally, the MALDI-TOF mass spectrometry analysis shown in
Fig. 3 supports the GPC data by demonstrating that higher molecular
weights increase fragment ions. Moreover, the analysis of two mass
peaks for PCL-GAP-PCL triblock copolymers consistently shows an in-
crease of 114 Da, corresponding to the PCL segment, indicating suc-
cessful grafting of PCL onto the polymer main chain. The primary
method used for determining the ratio of the PCL chain in the synthesis
and estimating the molecular weight was through the integration of H
NMR signals. The results are summarized in Table S3.

We used the GAP;9 and PCLsGAPgPCLs as polyols to react with iso-
cyanate (HMDI) and chain extender (1,4-BDO) to synthesize energetic
thermoplastic elastomers (ETPEs) [Fig. 4(a) and Table S4]. From the
FTIR analysis in Fig. 4(b) and 5(b), the azido functional group can be
observed at 2109 cm 7, indicating that the energetic azide functionality
is retained after synthesizing ETPE. After attaching HMDI and the chain
extender (1,4-BDO), the original OH stretch at 3429 cm™! disappears,
and the NH stretch of the hard segment HMDI appears at 3316 cm ™
Additionally, the signal at 1522 cm ! can be attributed to C (=0)-NH.
At 1707 em ™}, the C=O signal is observed in the pure GAP-ETPE series.
In comparison, the PCL-GAP-PCL-ETPE series shows a C=O0 signal that
partially originates from the PCL segments and partially from the C=0
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in HMDI, both providing sites for hydrogen bonding. The —-NCO signal at
2271 em™}, present in the HMDI raw material, disappears after the re-
action (Fig. S4), indicating the successful formation of ETPE. Further-
more, the NH wagging at 779 cm ™! increases with the proportion of the
hard segment, as indicated by the rise in absorbance. Fig. 4(d) and (e)
show the NMR spectra of the GAP-ETPE series, with individual analyses
of the 'H and 'C NMR spectra. In the 'H NMR spectrum, the CH,, signal
linking the two cyclohexane rings of HMDI is found at 0.94 ppm. The
alicyclic signals of the cyclohexane ring are observed at 1.10 ppm, 1.96
ppm, and 3.4 ppm. The proton signal of C (=0)-NH appears at 4.94
ppm. Two CHy signals from the chain extender 1,4-BDO are observed at
1.56 ppm and 1.67 ppm, and the O-CHj; signal is at 3.76 ppm. The
terminal OH proton signal is observed at 4.06 ppm. These signals are
present at the same positions for different hard segment ratios. In the 1°C
NMR spectra, the HMDI carbon signals are found at 28.1 ppm, 29.5 ppm,
32.1 ppm, and 45.1 ppm. Peaks at 154.7 ppm and 156 ppm indicate the
successful attachment of HMDI to the polyol and chain extender,
respectively, showing two different chemical environments for C—=0
units. Carbon signals of 1,4-BDO are observed at 25 ppm, 63.1 ppm, and
64.8 ppm. These results confirm the successful synthesis of GAP-ETPE.
Fig. 5(d) and 5(e) show the NMR spectra of PCL-GAP-PCL ETPE. The
spectra also exhibit the proton and carbon signals of HMDI and 1,4-BDO,
along with the inherent peaks of the triblock copolymer, confirming the
successful synthesis of PCL-GAP-PCL ETPE. The molecular weights of the
synthesized ETPEs were confirmed using GPC, as detailed in Table S5. In
Fig. 4(c), the thermal properties of GAP-ETPE are displayed. After
forming the elastomer, an increase in the T is observed, which further
rises with a higher proportion of the hard segment.

The T, obtained serves as a reference for practical applications in
various environments. The inset in the top corner shows that when
heating continues to 300 °C, thermal decomposition of ETPE begins
around 200 °C and peaks at approximately 250 °C. Comparing this with
the combustion heat peak of pure GAP,9 at 2386 J/g, the elastomer
shows a reduction in combustion heat as the hard segment ratio in-
creases. For GAP-ETPE with 40 %, 45 %, and 50 % hard segments, the
combustion heat peaks at around 1390 J/g, 1338 J/g, and 1282 J/g,
respectively. This confirms that the elastomer retains its energetic

GAP,

M=99)  M,=176+99*(n)

tot— Q99

N

JAL g

................... ,,— | {

I ! A
M Wl Wi/
900 1000 1100 1200

i
S
PP

1300

W

PCL -GAP, PCL

M,=114Q) Mw=990 M, =(176+99*n)+114*(m)

PCL-GAP-PCL

T ——

f i"ﬁwﬁ' JW\/ "

1400 1700

1500 1600

PCL15GAP PCL15

PCL SGAP PCL25

i ey

L —

114

1300 1400 1500 1600 1700
VTN N ot i

1800

114
99

1900 2000 2100

AN e
hlh e ot

2200 2300

800 2000 4000

6000 8000

Mass (m/z)

Fig. 3. MALDI-TOF MS spectra of PCL-GAP-PCL triblock copolymers with varying PCL compositions.



M.-Y. Tsai et al.

(a)
polyol

”To;jf\xokol% +

Dibutyltin dilaurate,
2 hrs, 90°C

chain extender

Ho ™~
1,4-butanediol

i g H H
s N Nog . Ch D~§
h f 1l i "y
[} ] all, g
Iy

GAP-ETPE

Polymer 327 (2025) 128403

Chemical Shift (ppm)

—GAP,,
(b) ——GAPETPE 40% N, ¢.0C (C) 1390 Jig
—GAPETPE 45% CfNJ .
. — GAPETPE 50% .
isocyanate _ OH €
3 3
< | NH )
\ o NH NH g
| s T
| g‘A/\J_Nmu._ :
2
T,=-35°C
prepolymer
4000 3500 3000 2500 2000 1500 1000 00 B0 B0 —40 20 O 20 40 6O 8
Wavenumber (cm') Temperature (*C)
) abe () T T
coCly ‘
| I Lar
T a,b,c.e i, tvclic =1 alicyclic, g and hj
24 hrs, 100°C 3 yandh | @ o cis®
rs, pr ‘ oH gandh 8 | !
S— NH
ol Fy Il luﬂ
E a CDCI.
5 | g Lo
=] = L ] AL
neo S s - :
I 14.L._._,LA_ I Al lul, M L
10 8 6 4 2 0 200 180 160 40 120 100 B0 60 40 20 0

Chemical Shift (ppm)

Fig. 4. Schematic and structural characterization of GAP-ETPE. (a) Chemical structure of GAP-ETPE. (b) FTIR spectra of the three hard segments in GAP-ETPE. (c)
DSC thermograms of the three hard segments in GAP-ETPE. Inset: DSC thermograms of the heat release. (d) 'H NMR spectra of the three hard segments in GAP-ETPE.
(e) 1°C NMR spectra of the three hard segments in GAP-ETPE.

(a)

polyol

isocyanate

H[D\/\/\)‘lr/ji{omx\/\/%p‘_,_
m g L o m

Dibutyltin dilaurate,
2 hrs, 90°C

|

prepolymer

chain extender

Ho O
1,4-butanediol

SMNLTINIS LTINS
o™~ a8 co
NENE: O\,O’Yn: igen ;a]{"‘d "

e .

124 hrs, 100°C

PCL-GAP-PCLETPE

x

——PCL, GAP, PCL,
(b) ——PCL-GAPPCL ETPE 40% (c)
——PCL-GAP-PCL ETPE 45%
P— 'S
PCL-GAP-PCLETPE 50% c=0 =
= H
=
H OH ]
[=]
@ NH -]
Q
s y NH &
E -]
g H
2 o
< 2
@
/\MM )
T T T T T r T r T T T T v
4000 3500 3000 2500 2000 1500 1000 500 -80 -60 -40 -20 0 20 40 60 80
Wavenumber (cm™) Temperature (°C)
ehf
(d) (e) :
cDCl, ?i b Cll 2
- i ot
3 3 CDCIS\ i mandn,
— H o, d ll‘o
-B. e E | 4
= &
= =
g b L |u
= * - £ L
‘AJ,A_LJ%L — Ll

Chemical Shift (ppm)

200 180 160 140 120 100 80 60 40

Chemical Shift (ppm)

2 0

Fig. 5. Schematic and structural characterization of PCL-GAP-PCL ETPE. (a) Chemical structure of PCL-GAP-PCL ETPE. (b) FTIR spectra of the three hard segments in
PCL-GAP-PCL ETPE. (c) DSC thermograms of the three hard segments in PCL-GAP-PCL ETPE. Inset: DSC thermograms of the heat release. (d) 1H NMR spectra of the
three hard segments in PCL-GAP-PCL ETPE. (e) *C NMR spectra of the three hard segments in PCL-GAP-PCL ETPE.

properties after fabrication. In Fig. 5(c), the thermal properties of PCL-
GAP-PCL ETPE are presented. Due to the presence of PCL segments,
crystallization occurs, and after ETPE formation, some PCL segments
may remain within the structure. This restricts molecular motion,
causing the T, of PCL-GAP-PCL ETPE to be higher than that of GAP-

ETPE. However, overall, crystallization does not occur within the elas-
tomer. The inset also shows a combustion heat peak after 200 °C. Since
the polyol used contains only 8 GAP repeat units, the combustion heat
peak for PCL-GAP-PCL ETPE is 1152 J/g, which is relatively lower—-
about 50 % of the energetic capacity—compared to pure GAP-ETPE. The
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DSC diagrams and data of GAP;9 and PCL5-GAPg-PCL5 are shown in
Fig. S5.

The elastomers we designed retain thermoplastic properties and can
be cast above softening temperature and hardened at room temperature.
Each sample underwent a complete 24 h curing process at 100 °C. Fig. 6
(b) demonstrates the flow behavior of pure GAP-ETPE with 40 % hard
segment when heated above its softening temperature, while it main-
tains a solid, molded state when stored at room temperature. In this
study, five out of the six materials exhibited solidifying behavior at room
temperature. In particular, pure GAP-ETPE at 40 %, 45 %, and 50 %, as
well as PCL-GAP-PCL ETPE at 45 % and 50 % hard segment. Only PCL-
GAP-PCL ETPE at 40 % hard segment failed to form a solid shape at room
temperature. Fig. 6(a) illustrates the role of hydrogen bonding within
the system. At room temperature, specific functional groups within the
ETPE molecules can form hydrogen bonds, which tighten the molecular
structure, allowing the material to solidify [45]. However, as the tem-
perature increases, these hydrogen bonds are gradually disrupted until
they dissociate, causing the material to exhibit flow behavior. This can
be attributed to the polyol design, which is diol-based and prevents the
molecule from forming a crosslinked network after thermal curing.
Additionally, the thermal properties of the hydrogen bonds play a crit-
ical role. Fig. 6(c) shows that the solidifying ETPE exhibits a first-order
phase transition during the first scan in DSC. Due to insufficient time to
form hydrogen bonds during the second cooling and heating cycle, no
endothermic behavior is observed in this scan. The endothermic peak
observed during the first scan corresponds to the softening temperature
of the elastomer. Samples that cannot be molded do not show any phase
transition peaks in either the first or second scan [46]. In Fig. 6(d), we
observe the rheological properties of ETPE under temperature variation.
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The data indicates that as the proportion of hard segments increases, the
initial viscosity of the ETPE rises. However, as the temperature increases
and hydrogen bonds break, molecular mobility increases, leading to a
decrease in viscosity. During temperature ramp scans, the relationship
between G’ (storage modulus) and G"(loss modulus) is used to determine
the material’s state. When G’ > G, the material is in a solid state, while
G” > G indicates a liquid state and higher then softening temperature.
The phase transition temperature, where G' = G, defines the softening
point.

For instance, the softening point of pure GAP-ETPE with 40 % hard
segment is 107 °C, and PCL-GAP-PCL ETPE with 50 % hard segment has
a softening point of 123 °C. The temperature-dependent rheological data
for all prepared ETPEs are shown in Fig. S7. The data reveals that the
ETPEs that could be cast exhibit a distinct softening point, except for
PCL-GAP-PCL ETPE with 40 % hard segment, which could not be so-
lidified. During the scanning process, G" > G’ was observed for these
materials. These observations from DSC and rheological measurements
correlate well, reflecting the microscopic phase changes and macro-
scopic behavior, respectively. Therefore, we further explored hydrogen
bonding by introducing external perturbations and analyzed GAP-ETPE
50 % and PCL-GAP-PCL ETPE 50 % separately. Using FTIR, we measured
the changes in signals between 60 °C and 180 °C. As shown in Fig. 6(e),
the upper part of the figure presents GAP-ETPE 50 %. The left side
corresponds to the N-H signal, while the right side corresponds to the
C=O0 signal. With increasing temperature, the C=0 peak at 1661 cm?,
which was initially involved in hydrogen bonding interactions, gradu-
ally dissociates. Simultaneously, the signal at 1713 cm ™! progressively
shifts to higher wavenumbers, indicating free C=0. Similarly, the N-H
signal, which was originally observed at 3334 cm ™! under hydrogen
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bonding influence, shifts to higher wavenumbers as the hydrogen bonds
are disrupted Additionally, with the increase in free N-H, the signal at
3438 cm ™! becomes stronger. This behavior is also observed in PCL-
GAP-PCL ETPE 50 %. Notably, because PCL contains C=0, it also pro-
vides hydrogen bonding sites along with C=0 in HMDI. As shown in the
figure, the C=0 peak at 1617 cm™! is broader at 60 °C, indicating it is
also influenced by hydrogen bonding. However, as the temperature in-
creases and hydrogen bonds are disrupted, the peak becomes narrower
and shifts. This analysis was further advanced by performing 2D FTIR to
interpret the spectra, as shown in Fig. 6(f) [47-50]. The plot more
clearly reveals the correlation between signals in the blue region, indi-
cating a relationship between them. When hydrogen-bonded C=0
forms, the amount of free N-H correspondingly decreases. As
hydrogen-bonded N-H increases, the amount of free C=0 decreases.
The 2D FTIR analysis provides this critical information. This data further
clarifies the essential role that hydrogen bonding plays in the ETPE.
Fig. 7(a) illustrates the processing of the PCL-GAP-PCL ETPE with 50
% hard segment sample, which was heated above its softening temper-
ature and then directly cast into a silicone mold (Fig. 7(a-i)). After
cooling to room temperature, the material was removed from the mold
to form a dumbbell-shaped specimen (Fig. 7(a-ii)), demonstrating good
elongation capability (Fig. 7(a-iii)). Except for the PCL-GAP-PCL ETPE
with 40 % hard segment sample, which could not be solidified, the
remaining five samples were successfully cast into the desired shape
through this thermal plasticization, flow, and cooling process without
the need for solvents to dissolve the polyurethane elastomer. Fig. 7(b)
presents the stress-strain curves of the pure GAP-ETPE series (40 %, 45
%, and 50 % hard segment) in the upper left and the PCL-GAP-PCL ETPE
series (45 % and 50 % hard segment) in the upper right. The data in-
dicates that the ETPE materials exhibit typical viscoelastic properties
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[51]. After undergoing permanent deformation, they can resist further
stretching, but once failure occurs, they exhibit a contraction phenom-
enon. We recorded the maximum stress and strain for each ETPE sample.
It was observed that for GAP-ETPE, as the proportion of hard segments
increased, the maximum stress also increased, while the maximum
elongation decreased. From a molecular design point of view, a higher
proportion of hard segments implies that more urethane groups are
contained in molecular chains available for hydrogen bond formation.
As the number of hydrogen bonds increases, the intermolecular con-
nections become tighter, causing the polymers to tend to crystallize. This
leads to an increase in macroscopic stress and a decrease in elongation.
For example, the 40 % hard segment sample exhibited a maximum stress
of 1.28 MPa and a strain of 113 %, whereas the 50 % hard segment
sample showed a maximum stress of 3.08 MPa and a strain of 15 %. This
series demonstrates that increasing the proportion of hard segments
results in higher stress but reduced ductility and increased brittleness of
the material [52,53]. In the PCL-GAP-PCL series, a different trend is
observed. The 40 % hard segment sample could not be molded suc-
cessfully. In the variable-temperature IR analysis [Fig. 6(e)], we
observed that PCL-GAP-PCL ETPE at 50 % exhibits a lower level of C=0
hydrogen bonding compared to GAP-ETPE 50 %. This indicates that,
with an equal proportion of amide groups, PCL competes with HMDI for
hydrogen bond formation, making it more difficult for HMDI to
self-associate into domains. As a result, a higher hard segment content is
necessary for successful molding. Consequently, the stress of
PCL-GAP-PCL ETPE is lower than that of GAP-ETPE. From AFM images
[Fig. S8], it can be seen that GAP-ETPE at 50 % can exhibit distinct hard
segment domains, whereas in PCL-GAP-PCL at 50 %, the PCL competes
for HMDI amide sites, making the hard segment domains less defined.
Despite the presence of hydrogen bonding, it exhibited a flowable
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deformation state after some time, which was insufficient for it to act as
an elastomer. Increasing the hard segment proportion effectively
allowed the PCL-GAP-PCL ETPE to be solidified, confirming that a
higher hard segment content increases the number of hydrogen bonding
sites, facilitating the casting process. Furthermore, it is crucial to note
that as the hard segment content increased from 45 % to 50 %, the
elastomer did not become brittle. Instead, the maximum stress
increased, and the elongation at break improved significantly, reaching
up to approximately 8 times the original length (Movie S1). Given that
GAP is an ether-based polymer, the incorporation of the ester-based PCL
long-chain segments enhances the elongation properties of the material.
In the molecular structure of GAP-ETPEs, the soft segments of GAP have
only a few sites capable of forming hydrogen bonds, causing the ETPE
molecules to rely exclusively on intermolecular hydrogen bond con-
nections, tending to arrange in an orderly orientation. After introducing
PCL segments, the soft segment PCL-GAP-PCL triblock prepolymer can
also participate in hydrogen bonding, facilitating the formation of both
intermolecular and intramolecular hydrogen bonds. When the fraction
of hard segments increases from 40 % to 50 %, the crystallinity upsurges,
while the elongation contributed by the PCL segments becomes more
apparent. This phenomenon corresponds with the crystallization
melting point trend shown in Fig. 6(c). In other words, the crystalliza-
tion characteristic of PCL during the stretching process contributes to
improved extensibility [54]. In Fig. 7(c), the SAXS analyses of all ETPE
series show a single broad peak with the d-spacing ca. 12.5 nm (q* =
0.51 nm™ 1Y), confirming that our ETPE retains a microphase-separated
morphology. This indicates a distinct separation between the soft and
hard segments [55]. Similarly, Fig. 7(d) presents AFM surface scans of
the samples, where the bright areas represent the hard segments, and the
dark regions correspond to the soft segments, clearly showing the
presence of microphase separation on the surface [56]. This observation
supports the hypothesis that polyester segments provide more hydrogen
bonding sites. Notably, the microphase separation in Fig. 7(d-ii) is less
pronounced compared to Fig. 7(d-i), suggesting that the interaction
between the C=0 groups in the soft segments and the N-H groups in the
hard segments affects the morphology [57]. As we concluded in our
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previous discussion on mechanical properties. The molecular chains
exhibit a more disordered arrangement than in GAP-ETPE, resulting in
expanded intermolecular and intramolecular hydrogen bonds. Since
weight-bearing capability is crucial for practical applications of ETPE,
we used the normal stress equation (¢ P/A) to calculate that
PCL-GAP-PCL ETPE with 50 % hard segment can support a load of 13.35
kg. This was confirmed experimentally by suspending a 12.5 kg weight
from a dumbbell-shaped specimen, with no deformation or rupture
observed in Fig. 7(e) and Movie S2. The material load-bearing capacity
can also be estimated from the stress-strain curve using the derived
equation [49]. ETPE also exhibits excellent healing properties where
Fig. 7(f) shows that PCL-GAP-PCL ETPE with 50 % hard segment when
kept in a solid state, can heal effectively after the two cut surfaces are
brought into contact and heated to 100 °C for 1 h. Post-healing, tensile
tests revealed a slight decrease in stress beyond the maximum stress,
while the elongation and Young’s modulus remained unchanged,
demonstrating the material’s healing capabilities.

Fig. 8 presents a comparison between the reviewed literature on
GAP-ETPE and the results of this study, focusing solely on conditions
without the use of plasticizers. The goal is to understand the perfor-
mance of GAP-ETPE with different hard segment structures compared to
previously published GAP-based binder systems, represented by blue
spheres [53-57,59]. The PCL-GAP-PCL ETPE with 50 % hard segment
prepared in this study exhibits significantly better elongation perfor-
mance than various GAP-based binder systems utilizing different types
of isocyanates. It also demonstrates superior mechanical properties
compared to earlier PCL-GAP-PCL systems employing crosslinked net-
works [31,58]. The PCL-GAP-PCL ETPE from this study is represented by
red stars. This improvement is attributed to the flexibility provided by
the PCL soft segments. Moreover, the structural similarity between
linear GAP and PEO, combined with the presence of azide side chains,
contributes to the outstanding elongation behavior when employing
PCL-GAP-PCL triblock copolymers as polyols for ETPE synthesis.
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Fig. 8. A comparison of the mechanical properties between this study’s results and previously reported GAP-based binder systems in the literature.
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4. Conclusion

We successfully synthesized GAP-ETPE and PCL-GAP-PCL ETPE,
investigating the process from polymer molecular weight control to
ETPE formation. The GAP exhibited an energy capacity of 2386 J/g,
while the PCL-GAP-PCL triblock copolymer displayed 1152 J/g. Various
ETPEs with different hard segment ratios were prepared. Due to steric
constraints from GAP’s azido side chains, a higher hard segment ratio
was required. Incorporating PCL-GAP-PCL improved tensile properties.
GAP-ETPE with 40 % and 45 % hard segment ratios exhibited favor-
able low-temperature properties and mechanical performance. The 40 %
GAP-ETPE showed optimal mechanical and thermal properties, with an
energy release of 1390 J/g. PCL-GAP-PCL ETPE also demonstrated
promising mechanical properties. Despite a reduced energetic soft
segment, the 50 % PCL-GAP-PCL ETPE retained an energy release of 570
J/g. Future incorporation of oxidizers could further enhance thermo-
plastic solid propellants for green energy applications.
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