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Table1 Calculated and experimental values of ANPyO cell
parameters
force experiment

parameter compass Pcff value!'7!

a/nm 1.4732 1.5738 1.4864

b/nm 0.7489 0.7587 0.7336

c/nm 0.6918 0.7069 0.7509

al(°) 90.000 90.000 90.000

B/(°) 111.99 110.47 111.67

y/(°) 90.000 90.000 90.000
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Fig.2 ANPyO crystal morphology in vacuum predicted by
the AE model
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Table 2 The parameters of the main crystal faces of ANPyO

0.691 nm); ZHEEN 4 B (10 1) A= AL A B I
B135.69%; (11 0)MH5 (10 1) ML 2E# N ANPYO
A AR 25 d T2 R i, Hei O (10 0) TAICT 1 -2)
T, 2 1 AL 50 o B IR 17.38% 11 6.24% 5

(hkl multiplicity  d});/nm D* /nm Eui/K) - mol” Rk S/%*
total vdw electr

(110) 2 0.691 0.166 -69.54 -56.19 -13.35 1 40.70

(100) 4 0.648 0.258 -107.78 -69.71 -38.07 1.55 17.38

(10-1) 4 0.522 0.261 -109.37 -80.92 -28.45 1.57 35.69

(11 -=2) 2 0.372 0.322 -134.77 -116.27 -18.50 1.94 6.24

Note: 1) Interplane distance; 2) The center-to-plane distance between the growth origin and growth face; 3) The percentage of the total habit face areas occupied by

all symmetry images of the facet.
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Sy IEl 3 AL, ¥ 5 DMF/ANPYO i T Y XUZ

Chinese Journal of Energetic Materials, Vol.24, No.1, 2016 (19-26)

Rz MD BAULS ¥ 58 DMF 20 197 18] ANPYyO 1)
(110)m, (100) @,(10 1) mhk(11 -2)HIf
W B AE A T b, BERA VA ] DMF 5 ANPYO 13X 4 /> i
TE ] 775 5 5 B9 AH B AE T . 3% 3 B 1 R DMF/
ANPYO i T X 2% 45 14 A5 A4 1 AH B A FH e S 4H o

WA (2), % 5H DMF 5 ANPyO (1 1 0) mi,
(100)1m, (10 =1)m k(11 =2) 7 iYAHEAE FHRES>
W% —504. 76, —334.89, —593.58 k] - mol™ #
—1045.46 k) - mol™ , ¥ Jy i, W% 7 DMF 15 &
TET F14) W2 o e — AN TG i TR B R T A R g R .
TEIE R DMF B85 R , ANPyO b 2 TR it Tl | a2
UE e HERR A DMF 43 5, o B8 5 24 H AR hE
iU T R K U FR AR, %R DMF 5 T A A
Y HI B 1 2 % B R, ) DMF £ ANPyO (i T 114 1 Fhf
AE sk . DMF [ A7 7E 2352 W ANPyO i I 4R K
HRRE, T 5 e R AR 0

SR 3 Al AL, DMF 5 ANPyO & I (9 A8 54
3R 2 S5 O UF . (11 =2)>( 10 -1)>(110)>
(100),DMF 5 ANPyO (& 1 (1% #H 5. 4F HI 68 3z 8L 55 T
JEHERE , RIVE PR AR ) Al g 2 F0, Horp S AR AR g i
s K B & AR E B, 7 Compass J1igH, &
A R O ST R

SRR O I S O Tl = BT o B ol 1 3 o (T
g(r)-r o3, ul #E— L4578 i ) DMF 5 ANPyO i T
MEAE R T AT . g(r) -r n] B 45 7 Je AR
TRy A, R 0 BLAE BB B R Oy r Y G PR
HIERSEJE LA, g Cr) W] T AR A A 25 4 S ¢
PRAE A B B9, i s o A g Cr)-r B v, il
r=0.11 ~0.31T nm>ly &%k . r=0. 31 ~0.50 nm i vdW
N

www. energetic-materials. org. cn



2,6- 43, 5- AN AR E -1 SRR R AR AL MD AL

23

YER, KT 0.50 nm i1y vdW YEH FE 8B o ] 4 21l
T ANPyO (11 =2) i iy J&l Wi 4 b fic 12 ANPYO 431
i H R 5% 58 DMF 230 7 iy N 7O J5 1 1)

£ 3 VAK DMF/ANPYO | T W2 25 #5780 1 FH /R he

gl w-rE.g(r)o yr Bl s At DMF 5 ANPyO
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Table 3 The interaction energies of the interfacial model of DMF/ANPyO face

(hkl energy single-point energy internal energy nonbond energy vdW force electrostatic force
E.." ~17249.70 ~6996.90 ~10252.80 —675.13 —9577.64
En? 4455.08 5848.23 ~1393.15 -1093.86 -299.24
(110) Eoi® -21200.00 ~12845.10 -8354.86 745.51 -9100.37
AEY -504.76 0.00 -504.76 -326.77 -178.03
Eioe -17433.30 -7260.66 -10172.60 -551.45 -9621.19
Eorn 4195.92 5596.06 -1400.13 -1036.21 -363.92
(100) Eoof -21294.30 -12856.70 -8437.54 747.72 -9185.30
AE -334.89 0.00 -334.93 -262.96 -71.96
Eior -20721.40 -9599.48 -11122.00 -359.62 -10762.30
[ 4522.57 5740.70 -1218.13 -909.27 -308.86
(10-1 Egof —-24650. 40 -15340.20 -9310.19 1098.80 -10409.00
AE -593.58 0.00 -593.63 -549.15 —-44.48
Eiot -19970.50 -9478.77 -10491.80 -26.49 -10465.30
Eon 4975.45 -15365.50 -8497.45 1449.51 -9946.96
(11 -2) [ -23900.50 5886.76 -948.89 -684.08 —-264.76
AE -1045.46 0.00 -1045.46 -791.91 -253.59

Note: 1) The total energy of the solvent layer and the crystal face; 2) The energy of the solvent layer without the crystal face; 3) The energy of the crystal face with-

out the solvent layer; 4) The interaction energy between the solvent layer and the crystal face.
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Fig.4 The radial distribution function of DMF and ANPyO
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i, R ANPYO 7e 77 DMF i 65 F B 2% fi , 155 B
Morphology # e Tl i ANPYO 7E 77 DMF o 11 &
RIESL LI S

R4 ANPyO Il A TE B35 RE K 05 1 2B I

Table 4 The modified attachment energies and the normal

growth rate of ANPyO crystal faces

ey A Al B G 2
/nm? /nm?  /kJ - mol™’ /k) + mol™!

(110) 1.4183 5.6010 -68.87 -0.71 1

(100) 1.9248 4.9589 -58.41 -49.45 69

(10-1) 1.9376 8.1917 -68.12 -41.32 58

(11-2) 2.6641 9.1759 -101.99 -32.87 46

Note: 1) The accessible solvent surface of the crystal face in the unit cell;
2)The total crystal face area in the simulation box;
3) The energy of solvent binding on the crystal habit face (h k 1) ;
4) The modified attachment energy;

5) The relative growth rate of the crystalsurface in solution.
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Fig.5 Crystal morphology of ANPyO in DMF predicted by
the modified AE model
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Fig.6 The mean square displacement of DMF molecules on
the (110), (10 -1), (11 -2) and (100) faces at 288 K

st T 325 1) A T 55 18 T B 2 I 19 46 X {E A IE
FU , 168 T B 3 R 1A 260 68 R, U 32 T ) 5 1o 2 1K T
BE, B A RS R P R R, S
P19 325 1) A PR B A i AR 1) T A R T 7
WIS BB IOE S 7w . AW Sl BT
N orFAE ANPYO & T B9 9 1802 K0 o B TE B 5 fE
2 XA 5 28, #R 0 1 50 DMF T i T B9 97 B0 &R
KO ANPYO R JE S 20

50 .\

40

30

-Ea'/ kJmol”

20 4

10

0 T T T T
1.05 1.10 1.15 _11.20 1.25 1.30,

2

Dim"s x10
B 7 DMF 7> 775 ANPYO i il 4 # & #1518 1E [ 35 BE 46 %t
fE 5% % (288 K)
Fig. 7 Relationship between the diffusion coefficient of DMF
molecules on ANPyO crystal faces and the absolute value of

the corrected attachment energies at 288 K

Sy M 7 AL, # ) DMF 23115 ANPyO i T )
PR B G IE G R 4 0 (5 L G R . DMF 43
TAE ANPYO (1 1 0) T HY 9 B R Bl K, iR 2 e
SRR, ER T E S TEB R 1 0) |, 2l

www. energetic-materials. org. cn



2,6- 43, 5- AN AR E -1 SRR R AR AL MD AL

25

(1.1°0) A& IE B & RE M 46 X B/, (11 0) i &
A F R R A, & ANPYO @ IR Y 32 284 K R T
B UL AT DL, 5 50 DMF 7 & 1E /9 3 B8R J1 R 52 i
ANPyO ) b IR TE 5 .

4 7 it

i3 DMF 312 /ANPYO i T X2 45 #4455 784 1y
OF 58l g A B, A B IE B A BE R 2R BT 5 U R %)
ANPyO fifAIE SR e, EEZE T

(1) BiF 5 BEASS R I ANPYO 7E B 25 Hh i i AT AR
PR, EEARMT (1 10), (100) (11 -2)
L (10 =1) 1. % J&fE R & IE T, ANPyO F 24 K
i AT A9 16 1E BE & BEZE X (EL I 9 (11 0) <(1 1 =2) <
(10-1)<(100),7#EER DMF 1, ANPYyO i ATE
RIL T Ak

(2) A& 1 73 A o8& Ko B 22 W 5 DMF R AN-
PyO & 1 i) AH T A F BE 32 S5 S48 4R A 1, e e A4
FHA U

(3) DMF 3 778 ANPyO (i il (1997 1 & 8ot 5
W DMF 7748 ANPYO (11 0) Ifi 9§ i fiE ) Fe i
7E ANPyO (1 0 0) Il 9§ # € J1 e 22 , ANPYO fi {7
KIEBL IR 52 DMF 5 7 P HURE Ty B 2 Wi $L25 21 O
ANPYO 25 [ 35 77) 1) 1 £ S 1 — X 9 LI SRl

SE 3k
[1] Licht H H. Performance and sensitivity of explosives[]]. Propel-

lants, Explosives, Pyrotechnics, 2002, 25(3): 126-132.

AT, XU SE, VRIGEAE, AF. MEUEZE & REAL S oS BE 5 ik

’[)]. BHLAL2E, 2014, 34. 1288-1299.

MA Cong-ming, LIU Zu-liang, XU Xiao-juan, et al. Research

progress on the synthesis of energetic pyridines[ J]. Chinese Jour-

nal of Organic Chemistry, 2014, 34. 1288-1299.

[3] Badgujar D M, Talawar M B, Asthana S N, et al. Advances in sci-
ence and technology of modern energetic materials: an overview
[J]. Journal of Hazardous Materials, 2008, 151(2) : 289-305.

[4] Ritter H, Licht H H. Synthesis and reaction of dinitrate amino

and diaminopyridine [ ] ].

1995,32: 585-590.

A, BEIHGE, XIS, 2, 6-T & -3, 5- Al mE e -1 -4k

W& R ITIEL) ] S RERTRL, 2009, 17(2) : 166-168.

CHENG Jian, YAO Qi-zheng, LIU Zu-liang. Synthesis of 2, 6-

diamino-3, 5- dinitropyridine-1-oxide[ J]. Chinese Journal of En-

ergetic Materials ( Hanneng Cailiao) , 2009, 17(2): 166-168.

EHLL, RILHE, BN, . DR S 2,6- " H -3, 5-Tf

M e -1 - AL S Tk L) ] A HLfR:, 2009, 29(5) : 780 -

783.

WANG Yan-hong, SONG Yuan-jun, HU Zhen, et al. A simple

method for preparing 2, 6-diamino-3, 5- dinitropyridine-1-oxide[]].

Chinese Journal of Organic Chemistry, 2009, 29(5) : 780-783.

HE Zhi-wei, ZHOU Su-qiu, JU Xue-hai, et al. Computational

investigation on 2, 6-diamino-3, 5-dinitropyridine-1-oxide crystal

[2

[

Journal of Heterocycls Chemistry,

[5

[

—
(o)}
[

—
~N
[

CHINESE JOURNAL OF ENERGETIC MATERIALS

[J]. Journal of Structural Chemistry, 2010, (21): 651-656.
[8] XIELF, YECC, JU X H, etal. Theoretical study on dimers of
2, 6-diamino-3, 5-dinitropyridine and its N-oxide[ J]. Journal of
Structural Chemistry, 2012 (4): 659-664.
[9] Anderson K L, Merwin L H, Wilson W S, et al. 15N chemical
shifts in energetic materials: CP/MAS and ab initio studies of ami-
nonitropyridines, aminonitropyrimidines, and their N-oxides[]].
International Journal of Molecular Science, 2002(3) . 858-872.
XA BT, BEAAL, 5. BTELKEZS 2, 6- & SE-3,5- A kit
WE -1 -4 A0 1R S O o i SR S I AT ) ] A RE AL RE, 2014, 22
(3):337-342.
LIU Hua-ning, ZHENG Yu, QIU Cong-li, et al. Experimental
study on jet impact sensitivity of a new explosive 2 ,6-diamino-3,
5-dinitropyridine-1-oxide [J]. Chinese Journal of Energetic Mate-
rials( Hanneng Cailiao) , 2014, 22(3) . 337-342.
Donnay J D H, Harker D. A new law of crystal morphology exten-
ding the law of Bravais[J]. Am Mineral, 1937, 22(5) : 446-467.
[12] Titiloye ) O, Parker S C, Mann S. Atomistic simulation of calcite
surfaces and the influence of growth additives on their morpholo-
gyl[J]. Journal of Crystal Growth, 1993, 131(3) . 533-545.
[13] Myers-Beaghton A K, Vvedensky D D. Generalized Burton-Ca-
brera-Frank theory for growth and equilibr-ation on stepped sur-
faces[)]. Physical Review A, 1991, 44(4) . 2457.
[14] Clydesdale G, Hammond R B, Ramachandran V, et al. Molecu-
lar modelling of the morphology of organic crystals in the pres-

—
—
o

[

[

[—

ence of impurity species: Recent applications to naphthalene,
phenanthrene, and caprolactam crystals[J]. Molecular Crystals
and Liquid Crystals, 2005, 440(1) . 235-257.

[15] Coombes D S, Catlow C R A, Gale J D, et al. Theoretical and
experimental investigations on the morphology of pharmaceutical
crystals[J]. J Pharm Sci, 2002, 91: 1652-1658.

[16] Ter Horst ) H, Kramer H ] M, van Rosmalen G M, et al. Molec-
ular modelling of the cryst -allization of polymorphs. Part I; The
morphology of HMX polymorphs[)]. J Cryst Growth, 2002,
237, 2215-2220.

[17] Erk P. Crystal design of organic pigments-a prototype discipline of
materials science [ J]. Curr Opin Solid State Mater Sci, 2001
(5): 155-160.

[18] Millan A. Crystal growth shape of whewellite polymorphs: influ-
ence of structure distortions on crystal shape[)]. Crys Growth
Des 2001 (1) ; 245-254.

[19] Accelrys Software Inc. Materials Studio 3.0[ CP]. Discover/ Ac-
celrys Software Inc, San Diego, California, 2004.

[20] Hartman P, Bennema P. The attachment energy as a habit con-
trolling factor[ ) ]. Journal of Crystal Growth, 1980, 49. 145 -
156.

[21] Hollins R A, Merwin L H, Nissan R A, et al. Aminonitropyri-

dines and their N-oxides[ J]. Journal of Heterocycls Chemistry,

1996, 33: 895-904.

Andersen H C. Molecular dynamics simulations at constant pres-

sure and/or temperature[ J]. The Journal of Chemistry Physical,

1980, 72. 2384-2393.

NG, X8, 4R, 5. CL-20/HMX 3k K Iy Bk PBX St i

YE AN 2= PERERY MD BUBTSE [)] . fb2F %4, 2014, 72: 1036

-1042.

SUN Ting, LIU Qiang, XIAO Ji-jun, et al. Molecular dynamics

simulation of interface interactions and mechanical properties of

CL-20/HMX cocrystal and its based PBXs[ J]. Acta Chim Sinica,

2014, 72: 1036-1042.

[24] X0t B2, 28, % LYEIE-AHUE 2RR b 25 8 0 &
PR TRAUBT T[] . fb2r 24, 2014, 72 942-948.

LIU Bei, LIAN Yuan-hui, LI Zhi, et al. Molecular simulation of
drug adsorption and diffusion in Bio-MOFs[)]. Acta Chim Sini-
ca, 2014, 72; 942-948.

[22

[

[23

o
P

b A H 2016 % #24 % %18 (19-26)



26 A3, Rz, W, FR

Molecular Dynamics Simulation on the Crystal Morphology of 2 ,6-Diamino-3 ,5-dinitropyridine-1-oxide

SHI Wen-yan' ° | WANG Feng-yun', XIA Ming-zhu' , LEl Wu'
(1. Department of Chemistry, Nanjing University of Science & Technology, Nanjing 210094, China; 2. School of Chemical and Biological Engineering,
Yancheng Institute of Technology, Yancheng 224051, China)

Abstract: In order to understand the mechanism of the effect of solvent on the crystal morphology of explosives, and provide a gist
for solvent selection, the attachment energy (AE) models were employed to predict the growth morphology and the main crystal
faces of 2,6-diamino-3,5- dinitropyridine-1-oxide( ANPyO) in vacuum. The molecular dynamics (MD) simulation was applied to
investigate the interaction of ANPyO crystal faces and N, N-dimethylformamide ( DMF) solvent, and the growth habit of ANPyO in
DMF was predicted using the modified AE model. Results indicate that the morphology of ANPyO crystal in vacuum is dominated
by the four faces of (110), (100), (10 -1) and (11 =2), and the crystal shape is similar to ellipsoid. The radial distribution
function analysis shows that the solvent- crystal face interactions mainly consist of van der Waals forces, coulomb interaction and
hydrogen bonds. In DMF, the absolute value of the corrected attachment energies change in the order of (1 1 0)<(1 1 -2)<
(10 -1)<(100),which causes the crystal morphology to become very close to a flake and accords well with the experiment re-
sults. Furthermore, the analysis of diffusion coefficient of DMF molecules on ANPyO crystal faces shows that diffusion coefficient
changes linearly with the absolute value of the corrected attachment energies, and the growth habit is also affected by the diffusion
capacity of solvent.

Key words: 2,6- diamino-3,5-dinitropyridine-1-oxide (ANPyO) ; crystal morphology; molecular dynamics(MD) simulation; dif-
fusion coefficient; modified attachment energy (ME) model
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