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ABSTRACT: The liquid-crystalline ordering and fluidity of energetic diblock copolymers based on poly[3,3-bis(azidomethyl) oxetane]
(BAMO) and 3-nitratomethyl-3’-methyloxetane (NMMO) were investigated by the dissipative particle dynamics method. The results
show that these copolymers, with moderate BAMO block lengths (x’s), experienced the disorder, nematic, and smectic phases with
decreasing temperature. The nematic phase was suppressed when the rod length was too long or short. After the formation of the
smectic phase, the fluidity had a sharp decline. The temperature forming the smectic phase was defined as the order—disorder transi-
tion temperature (Topr) and depended strongly on x. A simple scaling rule, Topr &~ e *, between Topr and x was constructed. The
effect of the soft NMMO block fraction on the fluidity emerged before the formation of the smectic phase. These results can help
researchers design and synthesize new energetic copolymers with an appropriate melting temperature range for use as binders of solid

propellants. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 2772-2778, 2013

KEYWORDS: copolymers; rheology; theory and modeling

Received 16 October 2012; accepted 16 December 2012; published online 4 February 2013

DOI: 10.1002/app.38922

INTRODUCTION

Energetic polymers are of growing importance in the formula-
tion of cast-cured composite solid propellants.’ Common
binders are generally used to bind together solid propellant
ingredients in a tough elastomeric three-dimensional structure
capable of absorbing and dissipating energy. Energetic binders
can also increase the burning rate and specific impulse of
propellant systems. This can lead to the development of a new
generation of propellants. For example, oxidizers such as
ammonium perchlorate can be replaced by halogen-free com-
pounds to produce propellants with a low signature and low
environmental pollution. Among them, azido polyethers, which
are used as energetic binders of solid propellants and plastic-
bonded explosives, have attracted great interest.”* Compared
with glycidyl azide polymer (GAP), one of the most thoroughly
studied energetic binders, poly|[3,3-bis(azidomethyl) oxetane]
(BAMO) has advantages in energy output. Unfortunately, it is
a crystalline polymer with a symmetric chain and cannot be
used as an energetic binder through the traditional curing
process at 60°C.> To reduce the high costs of production for
azido polyethers, energetic thermoplastic elastomers have been
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developed.*® BAMO plays an important role as the hard block
in the preparation of energetic thermoplastic elastomers. There-
fore, several block copolymers have been synthesized by the
introduction of a soft block, such as BAMO-GAP®’ or BAMO-
3-nitratomethyl-3'-methyloxetane (NMMO),*® to prevent the
crystallization of BAMO. BAMO can form physical crosslinks at
predetermined temperatures due to its symmetrical side chains
increasing the stiffness of the backbone; it can be cyclically used
to effectively decrease the environmental problems associated
with it.® In fact, propellants are always cast into a rocket
motor in a conventional manner; this requires them to have
good fluidity in the melt. BAMO with its rigid backbone would
show liquid-crystalline behavior and could significantly influ-
ence the fluidity if the BAMO content is too high. If BAMO
content is too low, energetic copolymers would lose the advant-
age of high energy. The optimal balance between the fluidity
and the BAMO content becomes a significant problem in the
design of a new generation of propellants, so researchers need
to determine the fluidity of BAMO block copolymers.

Taking the energetic BAMO-NMMO diblock copolymer as an
example in this study, we first investigated its liquid-crystalline
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ordering in a melt and obtained the parameters influencing its
order—disorder transition temperature (Topr). It has been
found in experiments,'®"" theories,'* and simulations'>'* that
the Topr depends strongly on the architecture of the molecule.
This study mainly focused on the effect of the length and ratio
of the BAMO block on the Topr Second, we studied the
influence of the liquid-crystalline behavior on the fluidity for
the BAMO-NMMO diblock copolymer. Experimental studies
are very expensive and dangerous for energetic materials.
Recently, computer simulations'>'® have often been used to
describe the progress of the order—disorder transition for
rod—coil block copolymers, especially dissipative particle dynam-
ics (DPD) simulations.” % In previous works, the DPD method
has been successfully used to study the interfacial properties of
GAP/HTPB blends®' and the effect of the morphologies on the
mechanical properties for the energetic GAP block copoly-
mers.”> In addition, a model describing the rigid block based
on the angular potential in the DPD method was also con-
structed” and was used to study the influence of nanorods on
the interfacial properties.”* Therefore, we chose the DPD
method to study the previous two problems.

SIMULATION DETAILS

The DPD method is a coarse-grained particle-based dynamics
simulation technique that can correctly describe the hydrody-
namics behavior.>>’ The interaction between DPD particles
can be expressed by a conservative force (F), a dissipative force
(F”), and a random force (F), respectively. The total force
exerted on particle i (f;) is given by the following equations:

fi=> (F§ +F} +F}) (1)
i#i

The different parts of the three forces describing the nonbonded
interaction are given by

Ej = —ayw"(rj)e;
Ej = —ywP(ry) (ejvi)e; 2)

R R 0.
Fj = ow"(rj)¢; At 03¢
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Figure 1. Molecular structures and coarse-grained models of the energetic BAMO-NMMO diblock copolymer. [Color figure can be viewed in the online

where r; = r; — 1;, 1;j = Irijl, e = ry/ry, and vi; = v; — v;. {jj is
a random number with zero mean and unit variance. «;; is the
maximum repulsion parameter, which reflects the chemical
characteristics of the interacting particles. w", w", and w* are
three weight functions. For w®, a simple soft potential is chosen
as wc(r,»j) =1 — rjfor r; < 1 and wc(r,»j) = 0 for r; > 1.2
Unlike w, w” and w” have a certain relation to satisfy the fluc-
tuation—dissipation theorem; this simultaneously requires a rela-
tion between the friction coefficient () and the noise amplitude
(o) as follows:

WD(T,']') = [WR(T,']')]Z; 0'2 = ZkaT (3)

where kg is Boltzmann’s constant and T is the temperature. w"
and w® also use the same simple form as wC. The forces
describing the bonded particles are obtained by the differential
of the spring and angle potential:**

2
F(SLHI) = _VU(SL,H»I); U(si,i+1) = Z l/sz(l(i,iH) —h)

A
Fi 1

A C77A
_VU(ifl,i,iH)v U(i—l,i,iJrl)
= Z kall — COS(¢(i—1,i,i+1) — o)) (4)
i

where [; ;11 is the bond length between the connected two par-
ticles i and 7 + 1, ¢;_1,;, 1)@ is the bond angle of the adjacent
threes particle i — 1, i, and i +1. In DPD, the particles
connected by the spring force can be used to represent the poly-
mers. If the angle force is introduced additionally, those rod—
coil block copolymers can be also described successfully. In fact,
the method*»** that we used used was very similar to that used
by Chou et al.*® The only difference is that they mainly empha-
sized the function of the spring force. Therefore, the larger
spring coefficients (ks = 100) and a comparative small bending
constant (k, = 20) were used in their study.

Figure 1 gives the molecular structure and coarse-grained model
for the energetic BAMO-NMMO diblock copolymer. According
to the rigid backbone, the BAMO block is coarse grained to the
hard (or rod) block; this is achieved through a larger bending
coefficient (ky = 100) and ks (ks = 40) in eq. (4). The larger k,
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Table I. Number of Particles in Each Block, k., the Ratio between lyox and Ry, Iganos and the Number of Copolymers in Each Box at p = 4

% Ibox Ibox/Rg ’box/IBAMO Number of BXNy
BxN, S 2,3 4,5 10 8.3-11.7 7.0 571, 500, 444, 400
10 4,6, 8,10 15 6.9-9.6 8.3 1205, 1055, 938, 845
15 15 22 7.0 7.5 1067
20 8,12 25 6.9, 7.6 7.2 1143,1000

can drive the angle between two consecutive bonds to be close
to the value of m and provide a satisfactory rodlike formation.
The larger ks can fix the bond length (l, = 0.2). Finally, a rigid
BAMO block with a fixed length (lssmo) can be obtained.
Isamo is the function of the number of particle B (x; see Figure
1). Therefore, x can be used to represent Izanio. The NMMO
block is coarse grained to the soft (or coil) block represented by
particle N; ky = 0 and ks = 4 are used. The model (B,N,) can
be mapped into the real energetic diblock copolymer on the
basis of the following relationship between the Flory—Huggins
parameter (y;;) and the repulsion parameter (a;;) between unlike
particles:'**° o = o + 2.05y; The repulsion parameters
between the like particles (acc = arr = 20) and the unlike par-
ticles (arc = 25) and then the corresponding Flory—Huggins
interaction parameter (y¥pamo_nmmo = 2.44) are used; this can
also be calculated from the solubility parameter based on
IBAMO-NMMO = Viead(dp — ON)/KT, where Vieoq is the volume
of a DPD particle and dp and Jy are the solubility parameters
of BAMO and NMMO, respectively. They depend on the chemi-
cal nature of species and can be obtained by the Fedors and van
Krevelen methods incorporated in the SYNTHIA code
(Accelrys). Our previous work showed that the computed solu-
bility parameters for energetic polymers were in good agreement
with the experimental data.’ Here, 5 = 21.3 and dy = 18.4
MPa®%; we could obtain Vieq ~ 625.3 A3; this corresponded to
about five BMAO repeat units (the molar volume per repeat
unit was about 123.9 10\3) and six NMMO units (~101.1 A3).
Therefore, the coarse-grained model B,N, represented the real
energetic diblock copolymer BAMOsNMMOg, (x = n/5,
y = m/6), x and y is the number of DPD particle B and N,
respectively.

Table I shows the composition of the B,N, copolymers and the
corresponding simulation boxes in this study. To prevent finite
size effects, 6 X 6 X 6,8 X 8 x 8,9 x 9 x 9,10 x 10 x 10,
12 x 12 x 12, and 15 x 15 x 15 simulation boxes were chosen
for the BsNs copolymer. The results show that the root mean
square of the radius of gyration (R,) had no obvious variation
when the box length exceeded 9; this indicated that the small 9
X 9 x 9 box could effectively eliminate the finite size effect for
BsNs. Then, the ratio of the box side length (o) to R, was 5.6,
or less than 6. Additionally, it should use a box of at least 1.5
or 2 times the rod length. Table I shows that simulation boxes
used in this study could ensure a ko/R, value of greater than 6
and the smallest ratio of k. to zanmo of about 7; therefore, we
could effectively avoid the finite size effects of rods. Simulation
boxes with periodic boundary conditions were first run at a
high temperature. With this, we obtained a high-disordered ini-
tial system, which was then annealed to a lower temperature.
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We controlled the desired temperature by fixing y at 2.66 and
varying ¢ in eq. (3).">'* The time step At = 0.001 was used to
eliminate the effect of the larger k4 on the system stability and
to achieve better temperature control. A total of 3-5 x 10°
DPD steps were carried out to guarantee the equilibrium of the
simulation systems for all of the DPD simulations.

RESULTS AND DISCUSSION

First, the progress of liquid-crystalline ordering that can influ-
ence the fluidity of energetic B,N, copolymers was investigated
by calculation of the order parameter (S). This was done by the
evaluation of the matrix:

Q= (3(iiy) ~ 1) (5)

where #; is the unit vector parallel to the ith rod and S is the
largest (positive) eigenvalue of this matrix and runs from 0 for
randomly oriented rods to 1 for perfectly oriented rods. Second,
the fluidity of the energetic B,N, copolymers was investigated
by calculation of the diffusion coefficient (D) as follows:

1 d &

D =—_lim —Y " (|ri(t) — r:(0)*) (6)

where r; denotes the position vector of ith particle and the
angular brackets denote an ensemble average. So the limiting
slope of the mean square displacement as a function of time
could be used to evaluate D of a particle undergoing random
Brownian motion in three dimensions.

A plot for the calculated S and D values of the BAMO block in
the B;oN;q copolymers is shown as a function of the tempera-
ture in Figure 2. With increasing temperature, the B;oN;, copol-
ymer went through the normal three stages, that is, the disorder
phase, the nematic phase, and the smectic phase. The corre-
sponding S (or temperature) was 0< S < 0.4 (or T > 1.7) for
the disorder phase, 0.4 < S < 0.9 (or 1.4 < T < 1.7) for the
nematic phase, and 0.9 < S (T < 1.4) for the smectic phase.
These findings were in good agreement with the simulation
results.">!* We noted that the temperature with DPD units was
not the corresponding real temperature. Therefore, these results
can only help researchers to understand the variation tendency
of physical phenomena. Figure 2 also shows that D had an
approximately linear decrease when the temperature changed
from 2.5 to 1.4. In this range, the B;(N;, copolymer has a tran-
sition from the disorder phase to the nematic phase. Obviously,
this phase transition did not evidently influence the fluidity of
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Figure 2. Snapshot of the disorder, nematic, and smectic phases and plot of S and D versus the temperature for B;oNy,. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

the BjoNjo block copolymer. In fact, the distinct decline (ca.
one order of magnitude) of D only occurred after the transition
from the nematic phase to the smectic phase at about T = 1.4.
We could reason that the morphology of the solid BioNjg
copolymer should have been very close to its smectic phase
because of the very low diffusion ability.

To investigate the effect of the BAMO block length (x) on the
liquid-crystalline ordering, the S and D values of the BAMO
block in the BsN5 and BysN;5 were calculated, and the results
are shown in Figure 3. The x values of BsNs (x = 5) was
shorter than that of Bj(Nj, (x = 10). Figure 3(a) show that the
S value for BsNs jumped from 0.4 to 0.9 with a decrease in the
temperature; this indicated a sharp transition from the disorder
phase to the smectic phase. This also indicated that the BsNj
energetic copolymer kept the disorder morphology in the wider
range of temperature (T > 0.5, not the 1.7 of B;(N;q) because
of its shorter x. As shown in Figure 3(a), the B;Ns copolymer

formed a lamellar phase at S ~ 0.4, which was very similar to
the nematic phase when the temperature was close to T = 0.5.
The nematic phase could be regarded as a transition state dur-
ing this (disorder to smectic) phase transition. In Figure 3(b), S
of the B;sN;s copolymer also had a sharp transition and
jumped from 0.41 to 0.86. It was very similar to that of the
BsNs block copolymer, and the only difference was that the
BysN;5 copolymer kept the smectic morphology in the wider
range of temperature (T < 2.1, not the 1.4 of B;oN;q) because
of its longer x. Wilson and coworkers'®?® found similar results.
They reasoned that for a sufficiently long rigid block, the ne-
matic phase was suppressed altogether, and a disorder—smectic
phase transition could be observed. Our study showed that the
diblock copolymer with a sufficiently short rigid block could
also result in the same phenomenon.

As for D of the BsNs copolymer, a familiar phenomenon as
with the BN copolymer could be found. It also showed a
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Figure 3. Plot of S and D versus the temperature for (a) BsNs and (b) B;sNjs. [Color figure can be viewed in the online issue, which is available at
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linear decrease before the disorder—smectic phase transition. D
abruptly dropped an order of magnitude after the formation of
the smectic phase (S ~ 0.9/T ~ 0.4). D of B;5N;5 copolymer
also had a linear decrease before the formation of the B;5N;s
copolymer. However, it did not show a sharp transition near
the point of the disorder—smectic phase transition. The possible
reason was that the BysN;5 copolymer with a long rigid block
could have formed the smectic phase at a higher temperature
(T = 2.1). This result shows that the temperature was still the
first element that determined the fluidity of the copolymer.
Although there was no sharp variation, an essential decline in D
of the B;sN;5 copolymer could still be found. This result shows
that the effect of the smectic phase on the fluidity was signifi-
cant and could not be neglected.

In general, energetic block copolymers are often used as typical
binders of solid propellants and cast to fill in several compli-
cated shapes. Therefore, the fluidity of the propellant binders in
the melt was a key parameter. As for BAMO, it could not be
used directly as a binder for solid propellants.” The main reason
is that it has no fluid ability because of the solid phase at the
casting temperature. Therefore, one needs to use soft blocks to
tune the fluidity of energetic block copolymers based on
BAMO. Here, the BAMO-NMMO block copolymer was chosen
to analyze the influence of the NMMO segments on the fluidity.
The results can help researchers to select an appropriate config-
uration of energetic copolymers and ensure that they have an
optimal casting temperature or processing properties when they
are used as propellant binders.

The previous analysis showed that the smectic phase had a sig-
nificant effect on the fluidity. Therefore, the effect of the
NMMO blocks on the liquid-crystalline ordering phase transi-
tion was also investigated, and the results are given in Figure 4.
There was not a notable shift with increasing volume fraction of
the NMMO blocks [fammo = ¥/(x + y)] when x was fixed. For
example, in Figure 4(a) (x = 5), the corresponding temperature
of the phase transition point (S = 0.9) was always T = 0.4
when y increased from 2 to 5 (0.28 < fymmo < 0.5). In addi-
tion, when the x values were 10 [Figure 4(b)] and 20 [Figure
4(c)], the corresponding temperatures of the phase transition
point (S = 0.9) were 1.4 and 2.0, respectively. They did not
show obvious changes with increasing fummo. These results
only tell us that the NMMO block had no influence on the
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smectic phase and its corresponding temperature. However, in
Figure 4(b), we observed that the NMMO block had a little
influence on the process before the formation of the smectic
phase. Second, the effect of the NMMO block on the fluidity of
the BAMO-NMMO copolymer was investigated, and the results
are given in Figure 5. In Figure 5(a), x is fixed at x = 5, fimmo
is in the range 0.28-0.5, and the corresponding number of par-
ticles N is 2-5. Figure 5(a) shows that fimmo had a significant
influence on D of the BAMO-NMMO copolymer at the stage
of high temperature (T > 0.7) and hardly had any obvious
influence when T < 0.7 [see the vertical line in Figure 5(a)].
Similar results were also found for the B,(N, systems shown in
Figure 5(b), where in the two comparisons with BsN,, the di-
vided point of temperature was about 1.2 [see the vertical line
in Figure 5(b)]. Figure 5(c) shows a different result, which was
that fummo had no obvious influence on D of the BN, sys-
tems during the whole zone of temperature. The reason may
have been the longer rigid BAMO block, which could result in
the formation of the smectic phase at a high temperature. In
the meantime, D of the BAMO-NMMO copolymer was deter-
mined by the temperature and not the smectic phase, and this
was in agreement with the aforementioned.

If the energetic copolymer is used as a binder, it should have a
melting temperature that falls within a desirable range (e.g., 60—
120°C)** when one considers the processing and the final proper-
ties. As shown in Figure 5(a,b), only when the rigid BAMO block
had an appropriate length could the fluidity of the BAMO-
NMMO copolymer be tuned by finmio- However, once the length
for the rigid BAMO block exceeded a certain range, the soft
NMMO block no longer influenced the fluidity [see Figure 5(c)].
From Figure 5(a), we can see that when the BsN,, copolymer sys-
tems retained the same diffusivity in the range of y = 2-5, they
could span a broad temperature zone denoted by the horizontal
dashed dotted line with two arrows. When the systems were
located at a same level of temperature, the BsN, copolymer had
the highest diffusivity (or fluidity), and BsN5 had the lowest one
(see the vertical dashed dotted line with two arrows). In other
words, the larger BsN, had a disadvantageous effect on the proc-
essing properties of the BAMO-NMMO block copolymers. The
BsN, copolymer systems in Figure 5(b) also showed a similar rule.

As mentioned previously, an obvious variation for the S and D
values of the BAMO-NMMO block copolymers occurred at the
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Figure 5. Plot of D as a function of temperature for (a) BsN,, y = 2, 3, 4
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[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

point S & 0.9; this also corresponded to the formation of the
smectic phase. Therefore, the state after S = 0.9 was defined as
a high-ordering phase, which included the smectic phase, and
the state before S = 0.9 was defined as a low-ordering phase,
which included the disorder and nematic phases. S = 0.9 as a
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criterion of Topr for the BAMO-NMMO block copolymers
had a clearly physical meaning, which was that the BAMO-
NMMO copolymers experienced a transition from a low-order-
ing (disorder and nematic) to a high-ordering (smectic) phase.
At the same time, this transition had a significant influence on
the fluidity of the BAMO-NMMO copolymers. This means that
the fluidity of the BAMO-NMMO copolymers experienced a
sharp variation at about S = 0.9. Here, the temperature corre-
sponding to S = 0.9 was defined as the Toprs this was not com-
pletely consistent with a generalized temperature of Topr.

In addition, as shown in Figures 4 and 5, the defined Topr
could not be influenced by fimmo and had a scaling rule with
x. The detailed relationship between Topr and x is given in
Figure 6; it exhibited a simple exponential form: Topr ~ ¢ ™
Moreover, the correlation coefficients (R* = 0.999) were all very
close to 1, which confirmed the reliability for this scaling rule.

CONCLUSIONS

Energetic copolymers are generally used as binders of solid pro-
pellants and are applied via the casting method. Therefore, flu-
idity in the melt is a key parameter that can influence their
extensive use. In this study, BAMO-NMMO diblock copolymers
were used as an example, and their liquid-crystalline ordering
and fluidity were studied by the dissipative particle dynamics
simulation method. A basic understanding of the relationship
between the liquid-crystalline ordering and the fluidity of these
copolymers was determined.

The results show that with decreasing temperature, the BAMO—
NMMO copolymers with a moderate rigid x went through three
stages, that is, the disorder, nematic, and smectic phases. The
nematic phase was suppressed when x was too long or short.
The BAMO-NMMO copolymers at every stage had different
fluidities (as monitored by D). After the formation of the smec-
tic phase, D had a sharp decline when the BAMO-NMMO
copolymers had low and moderate x values. However, for the
BAMO-NMMO copolymers with long x values, they always had

T T T T
i %’_”—b"- T
- J
s L6f P -
N
5 1.21 -
g
B T0M=a+b*exp(—x/c)
081 R2=0.99926 i
a=2.17; b=-4.12; ¢=5.84
0.41 -
1 L 1 1

5 10 15 20
Rod length (x)

Figure 6. Relation between Topr and x; the dash dot line is the fitting
result. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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a higher D even when they formed the smectic phase. The rea-
son was that their temperatures forming the smectic phase were
far greater than the others with the low and moderate ones.
Therefore, the temperature was still the most important param-
eter determining the fluidity of the rod—coil copolymers.

The temperature of the arising smectic phase (S = 0.9) was
defined as Topr and depended strongly on the rigid x. An influ-
ence of the soft NMMO block on Topt was not found. A sim-
ple scaling rule, Topt = e %, between Topt and the rod length
x was given, along with an R* of 0.999.

In addition, the results show that the method of tuning the flu-
idity of the BAMO-NMMO copolymers by the soft NMMO
block was very restricted because the effect of fiynvmo on the flu-
idity could emerge only in the high-temperature range. In this
temperature range, the BAMO-NMMO copolymers did not
form the smectic phase. Once they formed the smectic phase,
the effect of the NMMO blocks was lost immediately. Moreover,
for the BAMO-NMMO copolymers with x, the effect of the
NMMO blocks on the fluidity was also restricted.

Finally, these results could help experimental researchers select
the appropriate ratio of soft blocks and rigid BAMO block
lengths for energetic copolymers based on BAMO when they
are used as binders of solid propellants that need appropriate
melting temperature ranges.
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