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Fig. 1. Schematic diagram of the elastic modulus model: (a) Bond-spring model; (b) the supramolecular structural unit of RDX;

(¢) molecular pair in the un-deformed (i.e., equilibrium position) configuration; (d) molecular pair in the deformed configuration un-

der the external loads. The yellow molecule represents the central molecule of the supramolecular structural unit of RDX.
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Fig. 2. (a) The 5x5x5 supercell structure of RDX, where A, B, and O/C refer to the crystal axis of the supercell; (b) the radial

total molecular number density and the density of intermolecular interaction curves of RDX.
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Equilibrium distance Ry, the lowest intermolecular interaction F,, and intermolecular force constant k ob-

tained by intermolecular non-bonded interaction curves, the equilibrium distance 1, and intermolecular non-bonded interac-

tion EyP7 in the actual crystal lattice.

ro/nm Ry/nm! Ry/nm Eiow/(kcal-mol 1) Ey/(kcal-mol )7 E/(N-m?)
0.4415044 0.42603 0.428 —6.86 -6.25 19.985
0.6447523 0.63385 0.660 -1.57 -2.68 7.211
0.6550915 0.64700 0.640 3.22 2.68 6.729
0.6944433 0.68725 0.691 -3.94 -3.35 10.677
0.7291993 0.70889 0.737 4.46 5.58 9.546
0.7292055 — 0.710 —6.39 -5.80 18.522
0.8144825 0.76922 0.760 2.28 5.045
0.8146958 — 0.754 -4.76 — 13.018
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Fig. 3. (a) Supramolecular structural unit of RDX, and the yellow molecule represents the central molecule; (b) the intermolecular

interaction curves of molecular pairs extracted from the supramolecular structural unit of RDX.
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Table 2.  Equilibrium distance R, of the molecular pair, the cosine value of the angle cosf between the intermolecular non-

bonded interactions and the normal to (hkl), and the intermolecular force constants k within the RDX supramolecular struc-

tural unit.

Ry/nm k/(N-m™) cosf (021) cosf (210) cosf (001) cosf (100) cosf (010)
0.428 19.985 0.0676 -0.1388 -0.7174 -0.9491 0
0.660 7.211 —0.0622 -0.3031 0.8305 0.9491 0
0.660 7.211 -0.8999 -0.3031 -0.8305 -0.2645 0.2695
0.640 6.729 -0.5944 ~0.7566 0.3339 -0.4880 0.4972
0.640 6.729 0.9312 0.2048 0.3339 0.6084 -0.7936
0.691 10.677 0.1588 -0.7963 0.315 0.6084 0.7936
0.691 10.677 0.1588 0.7963 0.315 0 -0.5571
0.737 9.546 —0.6853 0.0786 0 0 -0.5571
0.737 9.546 0.6853 0.9423 0 0.6084 0.3011
0.710 18.522 0.6303 0.6743 0.7343 0.6084 0.3011
0.710 18.522 -0.1103 0.6743 —-0.7343 -0.8090 —0.4409
0.760 5.045 0.6997 -0.0752 0.9260 0.8090 —0.4409
0.754 13.018 —-0.5768 -0.9186 —0.3888 -0.3289 —-0.8834
0.754 13.018 -0.5768 0.4389 -0.3888 -0.3289 0.8834
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FERTT I AT AE
Table 3.

Elastic moduli of multiple crystal faces for RDX are obtained by experimental and theoretical calculations. Fgys,

Eigrs, Epy, and E,,,, refer to the elastic moduli experimentally measured by resonant ultrasound spectroscopy, impulsive

stimulated thermal scattering, Brillouin spectroscopy, and nanoindentation approaches, respectively. Eppr and E, represent

the elastic moduli theoretically calculated by the density functional theory and the supramolecular structural unit, respect-

ively.

RDX Erus/GPal Figrg/GPall Eg,;/GPal B, ano/GPal? Eppp/GPaltd) E../GPa
(100) 21.5 21.0 21.5 — 25.7 21.7
(010) 17.2 16.4 16.3 - 18.8 17.1
(001) 16.6 15.9 16.2 16.2 20.5 20.1
(210) 20.5 20.0 20.3 21.0 22.8 19.1
(021) 15.5 14.9 14.9 18.2 16.3 15.3

Oy TS5 R BT IR T R SR A B B L R T 4[]
JEdtRE, B RDX 43 FAEERIEAR, Z8% T RDX
Gy T INEBIIZE A AETE | 3X 1 RE S8 3T 4540 BT T
T = TSR IR (A S A

25 LRTIR, Mo A Ok 5% R pR S
HEH RDX(100), (010), (001), (210) F1 (021) &
T P PR AR B (AR — B B RDX(001) &,
O3 TR BAITEE AT S B A SRR | R
FICT A B DR BOR AR IRk 1) S 36000 2 (I AH )
B A SCHR TR TR 2 W S A ) RO ke
T T EE BTN AL T 4T A 4r TR
SR S L 3118 RO 43 (] S Rl
LRI AR SRR 1) Sk R EORIE T4 R
B R TR LR M . BLAb, AR SCHE H Y AR A
R (g T 280347 COMPASS 1T 137 RT3 5¢
%, 5 R RS THREAR L, e T IR
ES QG100 X 11 R 9 PO o T 4 X e STy 2
N s /MU BT AT L E SR AE RDX S 9 5
1) S, ST T M - A RS A Y DGR, ik
THRAFEE VBB MRS E T R L.

4 %

AR SR B A S5 AR A OTAE R o i A Y B
IMEAEEATT, RIS HT S T A FROT N Y 4 1
(] 341 531 A AR SRR S 4 A RAAE, FENT 1 A
iy R USSR el I E |5 s e
1 RDX #7372t Boc A & 15 > RDX 431
BTy T A BT 5t RDX(100), (010),
(001), (210) 1 (021) st T ) SRR 540301 Ry 21.7,

17.1, 20.1, 19.1 Al 15.3 GPa. H. # | RDX(100),
(010), (021) F1 (210) iy T Ay SRS 1 5 8 P54
T | DK SRR | A BN A K FR IR ) 5
B 2 (LA 4. RDX(001) 5 1] Y s s
SA4E (20.1 GPa) m TS280{H (15.9—16.6 GPa), {H
59 Bz pR FRIS AT A (20.5 GPa) — 3. X T
RDX(001) &1, % 52 oA BRE i T S2 50 (E A0 R A
F LRSI ; TR S 45 BT IR AT SRR e T
SEYGAA Y SR Y Z O RDX 43 F kA7 K P A
I, K% EE] RDX(001) &1 524 A2k A fE S 2
T INFRAY 7S TCI I NO, BEp 128 I8 % 2. s
P AR e WY o A A i 5 T A M BT N L
EF iy O e S N R TH NS e R S| DA 1 408
Sy IRIAESERE S S A LR I fA A DG, XET [F]—Fh
7)) <) e Rk (O ST K A< S e Y N e O )
V- P A3 6] R RORA ], S A o e
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Abstract

The relation between elastic property and crystal structure provides a foundation for designing new
materials with desired properties and understanding the chemical decomposition and explosion of energetic
materials. The supramolecular structural unit is proposed as the smallest chemical unit to quantitatively
characterize the elastic anisotropy of 1, 3, 5-trinitro-1, 3, 5-triazacyclohexane (RDX). The supramolecular
structural unit refers to the nearest-neighbor coordination polyhedron of one molecule. The supramolecular
structural unit of RDX is composed of 15 molecules, and analyzed by the total molecular number density and
the density of intermolecular interactions. The elastic modulus model is established on the assumption that
1) the RDX molecule is of sphere and rigid-body; 2) the intermolecular interaction is regarded as a linear spring,
i.e. it is described by a bond-spring model; 3) the molecules are close-packed in the series mode. The elastic
modulus model based on the supramolecular structural unit demonstrates that the elastic modulus is
intrinsically determined by the total molecular number, the equilibrium distance of the molecular pair, the
intermolecular force constant, and the angle between the intermolecular non-bonding interaction and the normal
to crystal face. The intermolecular force constant is calculated as the second derivative of the intermolecular
interaction with respect to the equilibrium centroid distance. The intermolecular interaction is expressed as the
summation of van der Waals and electrostatic interactions calculated by COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation studies) II forcefield. The calculated elastic moduli are
21.7, 17.1, 20.1, 19.1, and 15.3 GPa for RDX (100), (010), (001), (210), and (021) crystal faces, respectively.
The calculation results are consistent with the theoretical values computed by the density functional theory.
Excluding RDX(001), the calculated elastic moduli accord with the experimental results measured by the
resonant ultrasound spectroscopy (RUS), impulsive stimulated thermal scattering, Brillouin spectroscopy, and
nanoindentation methods. The theoretical value (20.1 GPa) of RDX(001) overestimates the experimental values
in a range of 15.9-16.6 GPa. The reason can be attributed to the rigid-body approximation for flexible
molecules, in which are ignored the motion and deformation of the ring and NO, groups when the external loads
are applied to RDX(001). The results suggest that the supramolecular structural unit can be the smallest
chemical unit to quantitatively characterize the elastic anisotropy of RDX and the elastic anisotropy is mainly

due to the angle between the intermolecular interaction and the normal to crystal face.
Keywords: 1, 3, 5-trinitro-1, 3, 5-triazacyclohexane, supramolecular structural unit, elastic anisotropy
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