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Abstract
Three 2,3-bis(hydroxymethyl)-2,3-dinitro-1,4-butanediol tetranitrate (SMX)–based propellants were firstly reported, then the
specific impulses of SMX-based propellants were calculated by the Energy Calculation Star program. Meanwhile, the migration
property of the plasticizers and SMX was investigated by molecular dynamic method, and the main results as follows: the
theoretical specific impulses of three SMX-based propellants all overpass 280 s, which suggests that they have the potential to be
high-energy propellants. The migrating property of plasticizers in SMX-based propellants and ethylene propylene diene mono-
mer (EPDM) insulation all decrease in the order Bu-NENA> BTTN> TMETN. Meanwhile, the plasticizers much easier migrate
in EPDM insulation than in SMX-based propellants, and TMETN is significantly more difficult to migrate than the other. The
glass transition temperatures (Tg) of GAP/Bu-NENA/Al/SMX, GAP/BTTN/Al/SMX, and GAP/TMETN/Al/SMX systems are
282.3 K, 278.1 K, and 287.6 K, respectively. Due to lower Tg of EPDM, the EPDM/plasticizer systems have no obvious glass
transition between 233 and 323 K. The SMX is almost more difficult to migrate than plasticizers in SMX-based propellants while
temperature is above 273 K, whereas it is contrary under 273 K.
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Introduction

The pursuit of high-energy propellant is an eternal target for
solid rocket, which can increase the range and load of rocket
and realize more powerful missions [1]. Therefore, it is impor-
tant to explore novel high-energy propellant formations which
show good stability and safety. Therein, the migration of com-
ponent is an important influence factor for stability of propel-
lant and safety of the solid rocket [2–4]. The migration of
plasticizer in solid rocket propellants is dangerous for their
application, which may result in the inhomogeneous distribu-
tion of components in propellant grain. Ultimately, the inho-
mogeneous distribution may introduce the change of ballistic
property and even unnormal explosion.

Owing to high density and heats of formation, 2,3-
bis(hydroxymethyl)-2,3-dinitro-1,4-butanediol tetranitrate
(SMX, as presented in Fig. 1), whose energy approximates

that of cyclotetramethylene tetranitramine (HMX) and decom-
position temperature exceeds 150 °C, has attracted interests of
experts and has the potential to be an novel oxidant of high-
energy propellants [5–7]. Reese et al. [8] found that SMX-
based propellants exhibit good performance and high density,
and may offer a promising perchlorate-free alternative to
existing ammonium perchlorate (AP)-based formulations.
Hou et al. [9] investigated the compatibilities of SMX with
components of hydroxyl-terminated polybutadiene (HTPB)
propellants, and results showed that SMX was mainly com-
patible with HMX, cyclotrimethylenetrinitramine (RDX), and
Al powder. Sizov et al. [10] discovered that SMX can be used
as partial substitution of nitroglycerin (NG) in catalyzed
double-base propellants and increase the ballistic properties
of propellants. However, current investigations of SMXmain-
ly focus on that SMX is used as a substituent or additive of
propellant system, and there are few comprehensive studies on
SMX serving as main oxidant in solid propellants and its
migrating ability in SMX-based propellant.

Molecular dynamic (MD) method is an effective way to
predict the migration of plasticizers in solid rocket propellant.
And the diffusion coefficient of plasticizers is often used to
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predict their migrating ability [11, 12]. Li et al. [13] calculated
the diffusion coefficient of DOS in HTPB-based propellants
based on MD method and found that the magnitude order of
its calculated diffusion coefficient is in accordance with its
experiment value. Qu et al. [14] predicted the diffusion coef-
ficient of nitric ester (NG/BTTN) by applyingMD simulation,
and results showed that BTTN easier migrate than NG in the
system at 328 K and 338 K. And their magnitude order also
approximates experimental values.

In this work, three novel SMX-based propellants are de-
signed and investigated. Firstly, their specific impulse and
related parameters were calculated by the Energy Calculated
Star (ECS) program; secondly, the migration of plasticizers in
SMX-based propellant was predicted by MD method; thirdly,
the migration of plasticizers in insulation was estimated; final-
ly, the migrating ability of SMX in propellant was also calcu-
lated. It is hoped that our works can help guide the preparation
and application of SMX-based propellants.

Computational details

Construction of SMX-based propellants

The amorphous cell of three SMX-based propellants was con-
structed by Amorphous Cell Module in Material Studio 8.0

[15] based on the mass ratio of GAP: plasticizer (Bu-NENA,
BTTN, or TMETN): Al: SMX (12: 8: 15: 65). The number of
molecules in three systems is listed in Table 1, and the mole
mass of GAP is 3700 g/mol. The structure optimization was
performed by COMPASS force field (Forcite Module in MS
8.0), which is effective in investigating properties of condense
phase [16, 17], and their balanced structures are presented
in Figs. 2 and 3. And the COMPASS force field was applied
in all the next operations. Van der Waals force was calculated
by atom-based method, and Ewald method was calculated by
electrostatic interaction [18, 19].

Simulation of migration in SMX-based propellants

After structure optimization, the cell of SMX-based propellants
was relaxed by 50 ps constant particle number, pressure, and
temperature (NPT) ensemble; 50 ps constant particle number,
volume, and temperature (NVT) ensemble; and annealing sim-
ulation (temperature from 300 to 500 K). Afterwards, the re-
laxed structures were used to performMD simulation. The total
calculated time was 1000 ps, and the step time was 1 fs. The
given temperature and pressure were 298 K and 100 kPa, re-
spectively. The Anderson method and Berendsen method were
used to control temperature and pressure, respectively [20, 21].
Initial velocity was sampled by Maxwell distribution, and ve-
locity Verlet arithmetic was utilized [22]. Van der Waals force
and electrostatic interaction were calculated by atom-based
method and Ewald method, respectively.

Based on balanced structures, three systems of high-energy
propellants were performed 500 ps MD calculation (NVT
ensemble), and the computing method and parameters were
as above. The temperature was successively set from 323 to
233 K, and the interval is 10 K. The ultimate consequences
were used to analyze mean square displacement (MSD) of
different plasticizers.

Construction of EPDM insulation and migration
in EPDM insulation

The molecular chain of ethylene propylene diene monomer
(EPDM) was built by ethylene (55% mass ratio), propylene
(34% mass ratio), and 5-ethylidene-2-norbornene (ENB, 11%
mass ration), and the mole mass of chain is 5600 g/mol.
Meanwhile, the chain was optimized. Next, the amorphous
cell of EPDM prepolymer was constructed by Amorphous
Cell Module in MS 8.0, which contained 8 EPDM chains.
After structure optimization and relaxation, the EPDM
prepolymer cell was performed 1000 ps NPT ensemble simu-
lation and its balanced structure was obtained (the method is
the same as the above BSimulation ofmigration in SMX-based
propellants^ section).

Based on balanced structure of EPDM prepolymer cell, the
plasticizers (Bu-NENA, BTTN, and TMETN) are randomly

Fig. 1 The crystal structure of SMX
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put into EPDM prepolymer cell, and the molecular number of
plasticizer is 20. The new cells were optimized and then
preformed 1000 ps NVT ensemble simulations. Afterward,
the balanced EPDM/plasticizer structures were successively
performed 500 ps MD calculations (NVT ensemble) form
323 to 233 K(the temperature interval is 10 K).

Calculation of migration

The migration of plasticizer is related to its diffusion coeffi-
cient (D), which depends on the MSD and time (t) of MD
simulation. Therefore, D is described in Eq. 1 based on the
relation of Einstein [23, 24]:

D ¼ lim
t→∞

r tð Þ−r 0ð Þj j2
D E

6t
ð1Þ

where r(t) is coordinate of plasticize in t, and r(0) is the orig-
inal coordinate.

The relationship of MSD is calculated by Eq. 2 [25]:

MSD ¼ s tð Þ ¼ r tð Þ−r 0ð Þj j2
D E

ð2Þ

The D is ultimately estimated by Eq. 1 and Eq. 2 [26]:

D ¼ s tð Þ=6t ¼ m=6 ð3Þ
where m is the slope of MSD-t curve.

Results and discussion

Energy of SMX-based propellant

The energy characteristics of propellants are predicted by ECS
program based on heats of formation (ΔHf) and chemical
formula of components, which are contained in ECS program.
Therein, the specific impulse (Isp) is used to compare perfor-
mances of solid rocket propellant, and its value is significant
for the propellant, which determinates whether the propellant
meets the ballistic requirements. The specific impulse (Isp),
characteristic velocity (C*), combustion temperature (Tc), the
average relative molecular mass of combustion gas (M ), and
oxygen balance (OB) of SMX-based propellants are presented
in Table 2.

It is easily seen that the specific impulse of three novel
SMX-based propellant all overpass 280 s, which exhibit high
energy and have the potential to be high-energy propellant.

Otherwise, the relationship between Isp, Tc, andM is presented
in Eq. (4), and it is obvious that Isp is in direct proportion to Tc
andM . Otherwise, it is easy to find that the Tc andM values of
GAP/Bu-NENA/Al/SMX, GAP/BTTN/Al/SMX, and GAP/
TMETN/Al/SMX system are close to each other, and the re-
sults of Isp values suggest that their sizes are consistent with
the size of the M values, which indicates that the M values
determine the Isp values of the systems when they own ap-
proximating Tc values. In the end, the GAP/BTTN/Al/SMX
and GAP/TMETN/Al/SMX systems exhibit similar Isp values

Table 1 The number of atoms in
all systems System Number of atoms System Number of atoms

GAP/Bu-NENA/Al/SMX 6667 EPDM/Bu-NENA 10,120

GAP/BTTN/Al/SMX 6372 EPDM/BTTN 9907

GAP/TMETN/Al/SMX 6421 EPDM/TMETN 9944

GAP 

\

Bu-NENA               BTTN              TMETN               SMX

Fig. 2 The balanced structures of
different components in SMX-
based propellants
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because they are almost equal with the M values. The GAP/
Bu-NENA/Al/SMX system exhibits larger Isp value than the
other for more than 2 s, which signifies that the same solid
rocket can fly much further distance or apply much lesser
weight propellant for the same distance by using the GAP/
Bu-NENA/Al/SMX system.

I sp∝ TcM
� �1=2

ð4Þ

Migration in propellants

Afterwards, all MSD curves and their linear fitting curves are
presented in Fig. 4. Meanwhile, the slopes (m) of all linear
fitting curves are obtained. In the end, the diffusion coeffi-
cients (D) of three plasticizers in SMX-based propellants are
calculated by Eq. 3.

As presented in Table 3, it is obvious that the D values of
three plasticizers in SMX-based propellants all gradually de-
crease when temperature is reduced. When the temperature is
323 K (the applying temperature of most propellants), the D
values of three plasticizers are close to each other. The D
values of Bu-NENA significantly reduce from 323 to 293 K,

but change few and fluctuate around 0.40 × 10−11 m2/s be-
tween 293 and 253 K. The D values of BTTN dramatically
decrease when temperature is 313 K and the range of decline
is larger than that of Bu-NENA; however, it shows few chang-
es after 283 K. It is worth noting that the D values of TMETN
exhibit more decline than the former at 293 K, but it has no
clear change after temperature is 293 K. The above phenom-
enon suggests that all systems of SMX-based propellants may
have glass transition between 293 and 263 K. In the end, theD
values of Bu-NENA, BTTN, and TMETN are respectively
0.14 × 10−11 and 0.14 × 10−11 m2/s when temperature is
233 K. In conclusion, the migrating ability of the three plasti-
cizers in SMX-based propellants decreases in the order Bu-
NENA > BTTN > TMETN.

In order to obtain the glass transition temperature (Tg) of
the three SMX-based propellants, the relationships between
diffusion coefficient (D) of plasticizers and temperature (T)
are showed in Fig. 5. It is easy to see that all systems exhibit
glass transition and the Tg of GAP/Bu-NENA/Al/SMX, GAP/
BTTN/Al/SMX, and GAP/TMETN/Al/SMX propellants are
282.3 K, 278.1 K, and 287.6 K, respectively, which are close
to each other. Moreover, the Tg of all systems are slightly
lower than the room temperature (298.15 K), which suggests
that three SMX-based propellants may possess good plasticity

Ethene Propylene                 ENB 

EPDM chain 

Fig. 3 The balanced structures of
different components in EPDM
chain

Table 2 The specific impulse and related parameters of SMX-based propellant

Formulation Isp/s C*/m/s Tc/K M /mol/kJ OB

SMX Bu-NENA 283.72 1154.9 3913.66 38.61 0.552

BTTN 281.69 1137.0 4019.59 36.73 0.613

TMETN 281.86 1139.8 3997.88 37.05 0.601
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and are easy to process at normal temperature. Otherwise, the
D values of Bu-NENA and BTTN show better linear relation-
ship with temperature compared with that of TMETN when
temperature is above their own Tg values. However, when the
temperature is lower than their own Tg values, the D values of
BTTN and TMETN exhibit better linear relationship with
temperature by contrast with that of Bu-NENA.

Migration in EPDM

EPDM insulation is widely used in solid rocket motor owning
to its low density, excellent aging performance, and long life
storage. Therefore, the migration of Bu-NENA, BTTN, and
TMETN in EPDM insulation should be payed more attention,
which may impair performance of solid rocket. The MSD
curves of plasticizers at different temperatures and their linear
fitting curves are presented in Fig. 6. Meanwhile, the slopes of
linear fitting curves and diffusion coefficients of three plasti-
cizers are obtained and listed in Table 4.

It is easily seen that the D values of three plasticizers show
a trend of gradual decrease when temperature reduces, which
indicates that their migration in EPDM decreases. Otherwise,
the D value of BTTN is particularly larger than those of Bu-
NENA and TMETN when temperature is 323 K. However,
the D value of BTTN drastically decreases when temperature
reduces to 313 K. Afterwards, the D value of BTTN has no
significant change between 313 and 293 K, and obviously
reduces at 283 K. The D value of Bu-NENA has no obvious
change when temperature reduces from 323 to 293 K (except
313 K). While the temperature is 283 K, the D value of Bu-
NENA obviously decreases, and that gradually reduces after
283 K. TEMTN exhibits relatively lower D value compared
with the other. And the D value of TMETN presents twice
obvious decrease when the temperatures are 303 K and 273 K.

GAP/BTTN/Al/SMX 

GAP/TMETN/Al/SMX 

GAP/Bu-NENA/Al/SMX 

Fig. 4 The MSD-t curves and their liner fitted curves of SMX-based
propellants at different temperatures

Table 3 The slopes (m) of all linear fitting curves diffusion coefficients
of SMX-based propellants at different temperatures

T/K Bu-NENA BTTN TMETN

m D m D m D
1011 m2/s

323 6.03 1.01 6.75 1.13 6.55 1.09

313 4.19 0.70 3.40 0.57 2.22 0.37

303 3.32 0.55 3.72 0.62 2.54 0.42

293 2.47 0.41 2.28 0.38 0.61 0.10

283 2.61 0.44 1.07 0.18 0.82 0.14

273 0.94 0.16 0.64 0.11 0.69 0.12

263 2.02 0.34 0.95 0.16 1.08 0.18

253 2.49 0.42 0.60 0.10 0.61 0.10

243 0.97 0.16 0.30 0.05 0.43 0.07

233 0.84 0.14 0.84 0.14 0.18 0.03
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EPDM/Bu-NENA 

EPDM/BTTN 

EPDM/TMETN 

Fig. 6 The MSD-t curves and their linear fitted curves of EPDM/
plasticizers at different temperatures

GAP/BTTN/Al/SMX 

GAP/TMETN/Al/SMX

GAP/Bu-NEN/TMETN/Al/SMX

Fig. 5 The diffusion coefficient (D) vs temperature (T) of three
plasticizers in SMX-based propellants
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Ultimately, theD values of Bu-NENA, BTTN, and TMETN at
233 K are 0.29 × 10−11, 0.12 × 10−11, and 0.05 × 10−11 m2/s.
The migrating ability of the three plasticizers in EPDM insu-
lation decreases in the order Bu-NENA > BTTN > TMETN,
which is the same as in the corresponding SMX-based propel-
lants, And TMETN is more difficult to migrate in EPDM
compared with Bu-NENA and BTTN.

The curves of D vs temperature of three plasticizers are
presented in Fig. 7. It is obvious that the curves of BTTN
and TMETN are good linear, which indicates that the
EPDM systems have no glass transition. Due to the lower Tg
values (243–233 K) of EPDM [], it is normal that the curves
have no apparent point of glass transition. However, that of
Bu-NENA is chaotic, and it needs further studies. Otherwise,
it is worth to note that the D values of plasticizers in EPDM
are mainly larger than those in the corresponding SMX-based
propellants, which suggest that plasticizers are easy to migrate
in EPDM.

Migration of SMX in propellants

The migration of SMX in three SMX-based propellants is
analyzed, and their MSD curves at different temperature and
corresponding linear fitting curves are presented in Fig. 8.
Meanwhile, the slopes of linear fitting curves and diffusion
coefficients of SMX in three SMX-based propellants are ob-
tained and listed in Table 5.

It is obvious that the diffusion coefficients of SMX at
323 K are particularly lower than those of the three plasti-
cizers, which indicates that the migration of SMX (0.39–
0.71 × 10−11 m2/s) is weaker than that of the three plasticizers
(1.01–1.13 × 10−11 m2/s) in SMX-based propellants.
Meanwhile, the D values (0.39 × 10−11 m2/s) SMX in GAP/
TMETN/Al/SMX system are significantly smaller than the

EPDM/Bu-NENA 

EPDM-BTTN 

EPDM-TMETN 

Fig. 7 The diffusion coefficient (D) vs temperature (T) of three
plasticizers in EPDM insulation

Table 4 The slopes (m) of all linear fitting curves diffusion coefficients
of plasticizers in EPDM insulation at different temperatures

T/K EPDM/Bu-NENA EPDM/BTTN EPDM/TMETN

m D m D m D
1011 m2/s

323 6.16 1.03 8.73 1.46 5.09 0.85

313 3.94 0.66 4.41 0.74 5.60 0.93

303 6.06 1.01 4.56 0.76 2.48 0.41

293 5.89 0.98 4.78 0.80 3.27 0.55

283 3.17 0.53 2.67 0.45 2.34 0.39

273 3.25 0.54 2.80 0.47 0.90 0.15

263 2.47 0.41 3.20 0.53 0.71 0.12

253 2.72 0.45 1.85 0.31 0.76 0.13

243 2.87 0.48 1.38 0.23 1.30 0.22

233 1.76 0.29 0.72 0.12 0.30 0.05
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others (0.70 × 10−11 and 0.71 × 10−11 m2/s) at 323 K.
Otherwise, the D values of SMX in GAP/BTTN/Al/SMX
and GAP/TMETN/Al/SMX systems decrease below 0.2 ×
10−11 m2/s and have no significant changes when temperature
reduces below 293 K. However, the D values of SMX in
GAP/Bu-NENA/Al/SMX system show few changes while
temperature decreases from 313 to 283 K, have an obvious
decrease at 273 K, and change a few below 273 K. Ultimately,
the D values of SMX at 233 K are 0.10 × 10−11, 0.07 × 10−11,
and 0.04 × 10−11 m2/s. In conclusion, the migrating ability of
SMX in the three SMX-based propellants reduces in the order
GAP/Bu-NENA/Al/SMX > GAP/BTTN/Al/SMX > GAP/
TMETN/Al/SMX. And the migrating ability of SMX is lower
than those of Bu-NENA, BTTN, and TMETN, which may
result from phase morphology of SMX, because SMX is solid
at normal temperature. However, the plasticizers are difficult
to migrate than SMX when temperature is less than 273 K,
which may result from the glass transition of propellants. In
conclusion, compared with the migration of plasticizers in
SMX-based propellants, SMX is much weaker to migrate
when temperature exceeds 273 K, but stronger under 273 K.

Conclusion

Three novel SMX-based propellants are firstly designed, and
their energetic properties are predicted.Meanwhile, the migra-
tion of plasticizers in propellants and EPDM insulation and
the migrating ability of SMX in propellant are estimated based
on MD stimulation. The main results are as follows:

(1) The Isp values of three SMX-based propellants all over-
pass 280 s, and it is impressive that they have the poten-
tial to be high-energy propellants.

GAP/BTTN/Al/SMX 

GAP/TMETN/Al/SMX 

GAP/Bu-NENA/Al/SMX 

Fig. 8 The MSD-t curves and their linear fitted curves of SMX at
different temperatures

Table 5 The diffusion coefficients of SMX in SMX-based propellants
at different temperatures

T/K GAP/Bu-NENA/
Al/SMX

GAP/BTTN/Al/SMX GAP/TMETN/Al/SMX

m D m D m D
1011 m2/s

323 4.18 0.70 4.25 0.71 2.36 0.39

313 2.40 0.40 2.72 0.45 1.68 0.28

303 2.20 0.37 1.92 0.32 1.59 0.27

293 2.15 0.36 1.12 0.19 0.72 0.12

283 1.92 0.32 0.65 0.11 1.14 0.19

273 0.97 0.16 0.64 0.11 0.70 0.12

263 1.02 0.17 0.73 0.12 0.60 0.10

253 1.21 0.20 0.58 0.10 0.43 0.07

243 0.78 0.13 0.25 0.04 0.35 0.06

233 0.57 0.10 0.43 0.07 0.21 0.04
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(2) The glass transition temperatures (Tg) of GAP/Bu-
NENA/Al/SMX, GAP/BTTN/Al/SMX, and GAP/
TMETN/Al/SMX systems are 282.3 K, 278.1 K, and
287.6 K, respectively. The migrating property of plasti-
cizers in SMX-based propellants is Bu-NENA> BTTN>
TMETN. And TMETN is significantly more difficult to
migrate than the other.

(3) The migrating property of plasticizers in EPDM insula-
tion is also Bu-NENA> BTTN> TMETN. And the
EPDM/plasticizer systems have no obvious glass transi-
tion between 233 and 323 K due to lower Tg values of
EPDM. Otherwise, the plasticizers are difficult to migrate
in corresponding SMX-based propellants than in EPDM.

(4) The migration of SMX is much weaker than that of plas-
ticizers in SMX-based propellants when temperature ex-
ceeds 273 K, which may own to the solid morphology of
SMX at that temperature. But the migration of former is
stronger than that of the latter under 273 K, which may
result from the glass transition of propellants.
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