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B 2k, HL A% %~ 2] (Machine Learning, ML) & A T 5
fig (Artificial Intelligence, Al 7 A ¥ 4 3l % i i (& &5
oy M T DA SRR 22 R G R BB , I Sk I R TRl
1R BE XE 24 2 AR 4
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T I RN 1 AR R F 9 A Y R, X T Ad
THEEREN 4, % BB 3 7 8] e B (il 1l 4 3% 1
H—E 5%, WA 0.002 a.u.5,0.0015 a.u. [ H, T
AR AR R Vu AR R

W7 PR RIS A B3LYP J7 ik R 6-31 G *SE 4 & 4%
HAL 285 8 VR T T 5340 1 A R 8 B 0 2 O kT MR
PEE F 2k 4 5% MO Jy Ik, & B M T MP2 AN
CCSD(T) 4§ i /K V- Ha % B2 7 k', XF CHNO A 43
TR Z TR R TS R S R E
- 35915 22 RN B O MR 25 53 0 R 1% FN 3.7% , o Fh
Ao Mt 50% 50 A IR 2N -1.8% M 3.4%, 5
TR R IR 22 N -5.1% F1 6.6% , i 1 WK R A X AT
B IE B T b AR 2R 22 F s iR 228/ E-1.1%
F14.8% ",

A HL 5 B T A IR )R] A B R A R AR 2R
B AF ELAE T, DT % R s s WM T A D B A2 o
BE o HI TR X Ay I TR R 25 A KL IS AR
P 2 00 AT S E T LS X AN TR 1 43 25 40 64T
RBUEIE RSB0 A BT e .
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P. Politzer Z "2 i A& 1E 4> 1 3 Il §F L S 8
B T B R A A o i 5 I T 54y PRI NE U
o 43 A 5 0 AH 5G B) 43 - 3% T PR BOT A R A v LB T
Pol o TEAKXI (),

g ) a(%m(o.oon) - ﬁ(va-‘z"‘a‘) + Y (1 )

K MBoFEEIR T &, g-mol s a By & Il &
B RITEIA S B . %0y ik 0N S S (R 2
— /T 0.05 g-cm ™, Bz B F CHNO #BlE &
Yy R B, 4 H. Singh™™ P, Ma " AT Y. ). Shu
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UV H Politzer Jr kAT 2, 4, 6-= A W OK
(TNT) JFF = ME F 3 =i i (RDX) (B DU 37 FFY 3 DY firg g
(HMX) % Z Tl & 58 73+ 10 45 ¥ 9% B2, 4R 5 5 50 B4
W4 8. 2013 4FE,B. M. Rice""” fi] Politzer J5 ¥ X Hif
T AR HEAT RO R T A 4 S o 4 S 50 B
B, Hr 38> PR Gy i A B R B R 1Y) 1 34 4 0 1R 2%
M 0.05 g-cm”I/NE 0.035 g-ecm™ 48 M E T LAY
PO B FE 0O 1 45 %) % 22 N 0.088 g-em ™ i /N B
0.045 g-cm™, 3k H H %" Politzer Jr ik i1 55
N-1, 4, 6-= fil§ K& 7S &0 bk M (TNINA) FiI [4, 5-d] Bk
Me-2(1 H) - MRS RE (DNINA) F AR BE 7300 1.91 g-em™
H11.83 geem™, 5K % 1.89 g-cm 71 1.82 g-cm™
W) &8, C. Ko Kim "B 25 B B A B E Sy I F
B

M )+ 0.0189(IT) + 0.145 (2)
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V(r) R, Vo R0 TR 4 K- mol
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A. Nirwan ZE206 221 fp M2 3y il 7 25, %L T Lee,
Rice.Kim . Politzer 2% MESP Jy 3%+ 54 %5 1 (1 A &1k
Hvp Rice Fil Politzer & IE 4% 3T SC 50 {8 , £ KR 22 /)
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PERE AT S O 2 E ] .
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T3 CHNOF 84k & W 1 AR % 2, 5 ok L™ 78
Tz e ) T 2 LY R R T
D.Mathieu™' L Ammon ¥4 7 S L a3 A i Ak
U 2 BE 5 S B 0 A R 25 0T 2%, A ER 4
P HE RS A A B R 2 5 8 6%~8%. S. Beau-
camp' > FH A H 3 P AR BN RN ik A B S 3 MUK &
VIR AR B S 3518 22 /8T 2.5% , 38 1 15 1F SRR
AR 45 ) 55 X o F R B BTk 7, 42880 4 i A A
W IR 2R 2%
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AL % TT IR AN 18 Sy R R 23 TR AH LA
To 1 DX 53 [ 53 S5 A A 1) 3 B2 22 S, 220 W o 28 R 3l 8 ko
WA AR P REAL A, SR TR
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R Ak B LA — 7 BRI

3 ETRUAZEHHERE

31 EXFERUBREEN
PN Lo o R = R N I D | -
AR 235 ) 1) SR i 308 R S R R R A T AT A A A
AR S R J) S/ IME S 18 RN g s MR
3.1.1 ZFEZERELEHNEHKIE
P FE 7 bR B X 431 18] 55 A0 EAE B RN 58 4
R, T RE A 0 (R T 55 RE 4 T SR AR B W, T B
A 4y F 1LY e gl 1 o JE JR s M € BLORS IE | Lon-
don @ ELAL IE (BR A 48 % X DFT A 2UE 1E .
Horp DFT-D 7 ik e b R e i A5 21 )32 S8, 0
F R JE pR (S (5) ) ok o (BRI 7E A 2 L Th R R
BT AAT A, e AT R R A I RE (X (4) ) R T3
B 2 fn) A
EDT0 = 1 3 Y s, C:\B Frampn (R ) (4)

n
2A¢Bn:6.8 RAB

-1

fdamp." (RAB) = |:‘| + e_V(RAB/Sr."RQB - 1):{ .

Ho R, REAB R FRIMEE &, s R W42, nm; C
i JE P A EOR O R s, Ml s, | R 2R Ty R T
WRC B TR PR B , B O, B PR B E .

25l DFT-D R IEJE , Wi £ 0 55 A0 B AR, an
SR | b AR ) TR OORE R R ek E TR
5,5 -BXPUmME-T, 1" -5 R EL (TKX-50) . 1,3,5-=
BAHE-2,4,6- = FIEFE(TATB) (1, 1-" & H-2,2- 1§
32K (FOX-7) .2, 6- & F£-3, 5- i JE il 88-1-4
(LLM-105) | B-HMX Fil 75 i JE 75 & 24 5 1% 2% e
(CL-20) 55 fhiRm i S B0 TR A5 R S S i i
ESEHAE 2% AN, L. Zhang %02 5% ] PBE 38 # e 1k
P HMX Y o 8.8 Fly FH I S A 2548 AR5 22 43
H=2.36%,—-1.00%,+0.12% F1-0.3%, % i vdW-D3
TS T 53 FKE 2 IR SEH IRBR 25 <24 %,
H. Lin®* H. C. S. Chan"*' P. Panini"*ti & ] DFT-D
XoF 5 B A B o R AT 45 R 2
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DFT-D & i1 5 & 8 b b} & 14 % 1 i il &5 19 DFT
T3 VSR B H Yz R ORI BIORE TE AT A R M T
Xof 0, TR FH 8 R 1 B R A TR R e, 5% 25 ] /s
TALS 0 DFT 5. DFT-D A AT ¥ SR &t 1
F G0 R AT 0 56, (H TR A R A HG R B ROy
o RO B RCRE T o SR O ARGE N B A 3 e
(Symmetry Adapted Perturbation Theory, SAPT) % 4
AR FH AR B i b R A BLAE 5 S RE R (O HERE
X FR M P B8 A sS B g L AT AT R R R Y
JRFHET . R. Podeszwa” R F 3 T DFT B {44 ik 1Y
SAPT HEHf 1IN T RDX M AR 4548 , 1158 T FOX-7 1Y
SEREFBE I .
312 SFINFELEEE—RE

P DFT it M MR Tz — =~ 5
S F M Fah 0 kg5 A . MD ik TS A
T e 245 B L2 A PR R I S5 40 A AR A KPLH Y BB A
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2k e O EE RN, O 5 IR SC R oY e et
RGCEE SRR T P RS IR

Gy F B 12 A G A — IR BT A A SR A T
T WO T K HE & . P. Srinivasan™*/ I B3LYP J5 ik
M 6-311G FA Ak 2, 4- — W HEZE H R (DNBA) i 43
F45H , 7 FH MOLPAK(MOLecular PAcKing) & 57 %3
[i] 3 U R AT UMD 713 i R f /M, il Ak 2
Fa T 45 2R 5 X-ray 17 55 52 50 45 S 09 I 25 1R /], %5 B 1Y
T4 R 5125 4 2.98% . D. N. Kaushik**' /i
B — D 3 Ak BT Lt AR b PR A3 R AR AR A AR
LA F 15 B 2 R K R A B S T
FeT A B A Al 2 A0 BV B AL, 5 M 2 B0 S 4
AR T 5 B IF B3LYP-D* Il AMOEBA #% 1k 11 3% 7
Pio ). S LiFE B3LYP J5 iA l 6-31++GH 3L 41 1153 43
T45 A JE Rl E, FH Dreiding 773 RS $UE A i i
T 2,4,6, 80 A H-1,3,5, 7-l0 & &K T b
(TNTAzZC)H12,3,5,6,7,8- N 5E-1,4- ALK T
ft (HNDAzC) /9 & K % B2 4 %I 25 2.156 g-cm™ il
1.975 g-cm™. J3 373 FF % d U HE FRURN %% B2 1 H B Ak
Sk, Dreiding 713 % 84% B A & 55 7 3R 45 ¥4 1) 5 i
i AH 5 5 56 {8 9 O 22 7 5% LAY, PCFF J135 %) 83%
[ 5 55 7 A 45 P 1) 2 L0 {1 5 5 8 {1 1 O 25 7 4%
LIS T X Amber 77 3 11 5 FOX-7 \RDX ., CL-20,
HMX %5 1) % B L 52 56 B AL 5%~8% "), CVFF J135 #l
DMACRYS J1 &t Fl T & 05 7 2045 1 1 7 6e & 14 1
T, 25 B R /N T 7%
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S 1RO TE TR E Wz sh T &, o+
WA TR VE ) 8 & 7 or 7 i b, B4R
114 Y B AR5 BT 8 FH 1 0 g0 SR i = S A
) I35 280, TCuk HER R 4 (0] (9 A ECAE FE , Sfl
s P 45 A LI A A 2 K G 2%, R v AR TR Y
HERA 1 5 A B 28 30 3
3.1.3 H#ZWHE

N0y Ul i) 2 Sy TRV I R R A R S
1 X Hartree-Fock J7 72 1Y I BLSK i , 40 vty [ 1 %5 2

17 R B 4 (Self-consistent Charge Density Function-

al Tight-binding, SCC-DFTB) J5 % J&: 7 DFT 3£ fitfl | %

FHAE IE 52 JE 19 A 1E 52 Ak 7 2Ok X B R 4] (Tight Bind-

ing, TB) & &8 1E. , 157 1 J& LU A% 48 DFT PR =4~
WO, R0 I X I 5 U B H % SR AR R X R 1 I8 R
B, B9 AR R KA R

atoms

Forr = 2 (0| H [0 ) + Y B (6)
i occ R T A AL, iR BRIl T E

TR AMBZ AT RE, k) o BT R A E
T 3 s R B M S R OR

1If,.(x,t)=z“llf,.(la,t)€l5ld(x) (7)

A RS E AR, a= x,y, zR RS R4
DFTB 75 ¥k 2R JH 28 9 SO (B AR AR 2 2 iy ARV 5 7
R AR 1 ey %2 0 JREL I %) oK ik w82, T FH T 3 8 A
45 F R B SO HZ O R R T R &% S
B, T AR UL i v L R R SR A R B Ak e AR A
J. R. Holden" "2 225 AM1(Austin Model Number 1)
J7 0 HEFR S A8 AT 0 AL, T b L 2880

5% Ty 1 AR DR T RIS K (H R R e
AR LA B A B TR ASE UL S 5t AR R DB K Y R e a3 4 1
TN R E AR R L & A oy - R A ae DL K 55 B R
SR RENE S S EOR R IR R A G, S50
GREZMB T DFTIHE R TR T —RI1ERL, N
T 5 A 5 W H - 3 AT CAN RS 58 ) AR R B, i | far
BRI AR 25 S KRB T
32 BetEERMNRAEKLSEN

s VA 45 ) T 2 7 [ 5 Ak 2= 41 A0 1 O T B 8 e A
ATRE R R HES R R S8, X — T R A
SR FL b b 40 4 A AL Y BB e SR AR B BT ] 4 4y
ER NN el 151 s e e S =1 = TR S AN (MR £ (7
o MHRIE b P00 AR AR 5 40 — B A2 W SR A R
Bl rp B — ROMERT , b 5 BRI 7 vk RO R R 0 58 3%,
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KT VR 22 fh R 25 0 T0M 04 T 3%, R W 5% AR b A 1
SER B AR TR TE TS 10 201645, ZAN B 20 T Xt
A LRGSR 7S B TN oy A5 R Bk A AR —
Jir LRSI AT 25 b BN A A 5 A 3 o R AL R
2 R BB LR O A

3.2.1 BB AGE

R ko Bk 2 S, Kirkpatrick 270 F 1983 4E 3 F
G Jm AR CHU BT ST 1 4 R fe UL A O L G O X 45
W1 RS AT RALUINR | A= 8 — 2R 51 QIR 114 3 i O P
7 5 470 46 i 14 BE B 22 , FRAR BiE Metropolis 322 57 #fE | 1
745 ¥ i 132, 459 B — R 50 45 IR SRV AR AE B
fife o ) ANAE IR BE T, B Y BARE i77 AEBOIRAS J, B
O3 ERVE, A5 E, > E W4 RS GRS, &
M), DAMESE p ok 332 R, o k2 Boltzmann 45 .
p=exp[—(E,— E,.)/kt] (8)

FEREALLIR KA T 4 B B 3E R DL T v I R R S A
I i AE e B il T B A B 3k, T R 2 1 A LAY
Jr Sl B /B 53X 6 B B ) A6 A 7 B A BT A G R AR AL T
AE & 0 A 3 b R D IR A B AT
YR BE & T b AT R Bl R B ) R FE Y R B
U R e T N U A AR A R O R A
To = Tuux(1.0+ T,) (9)
Tew = Toig X (1 0 - Tp) (10)
A, T, FT, o0 502 A8 R AT 5 iR B K T, f T 43
SR A SR IR R E R

J. Yin"* Rl G. Z. Zhao**' 43 5] FHASE 400 3R B AR 13
W71 FEEH-1, 5 - XU R (ATT) M H R s A A9
M2,4,6-—fFHH-1,3,5-=H-1,3,5- = F LN T AL
P (TNTATO) 1Y it (R 25 1 o ) 347 557 & T B3LYP
FEM6-31G(d)FAEYT TEHTEALWN N,
FH Monte-Carlo J7 i 4728 R HERR , T i A4 235 4 531
BN NG NG N N TR 8 TR 4 5000 1 1Y) o R 2 32
#) & 1.81, 2.08, 2.47, 2.46, 2.57 g-cm“o J. F.
Moxnes'*® ] Polymorph Predictor /7 i fll COMPASS
J1 5 AR BT 5 S A e (AR 1), X R
280 [ R B TR Al T B T A 4 0 5
0.07~0.08 g-cm™,

LR ki 2 M 5 R A AR 5 A I Ok
TP I T G 285 A Ak ) BRAE A 22 T YA R N BRI
WU 25 1 BAT MM | 25 i s [ BE AN 08 58 12 0 L) s IR
IR kit R Y AR A A T AT 2 GE AR B T AR
oA
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25K Tl R T B B W SRR o AR TR R B R K
B

%1 Polymorph Predictor J5 i 115 9 4% 1 5 52 56 504 %) L
Table 1

morph Predictor methods and experimental data

Comparison of the calculated densities by Poly-

Do MRE, ) MRE,
model /gp~cm'3” G2 oo W oo
RDX 1.82059 P2,/c 3 P2, 1
TNT 1.65159 Pbca 14 P2,/c 10
NTO 1.9109! P2,/c 8 Pbca 5
DNAM 2.00t60 Pnma 4 P2,2,2, 0.5
e-CL-20  2.011%% P2, 6 P1 2
DADNE 1.89059) P2,2,2, 12 Pbca 1
B-HMX 1.8705 P2,/c 0.4 P2,/c 0.4
a-HMX 1.960°%) C2/c 1 C2/c 1
Note: 1) p,, is experimental densities. 2) G, is calculated space groups of

minimum in total energy, and G, is calculated space groups of mini-
mum deviation in densities. 3) MRE_ is deviation of calculated densi-
ties when space group is G,, and MRE_ is deviation of calculated den-

sities when space group is G, respectively.

3.2.2 REHIHEEE

Bl ML 28 5 ol ol AR S 25 R UR AT g 22 b itk AT G
O BERL R AL, 77 A R W) IR 4540 X, 2 (1) U
L [ DA — 5 125 K B AL 2R AT A7 0%
X, =X,+(b—-a)-rand( )+ a (11)
A, O YR/ EAC KRB, rand () A BEHLEC R KL, a £ b
Sy W AL 1 UM S R 5 8% Ji5 1 A7 RS 40 45 # A Ak i A1
A 1) SR 3T 1 8 B B /N, 28 3 AN W a2k AR DA T 5 A 4R
G AU RTRT U

55— R EL R LI 2 07 ok DFT-D FLAIRSS 454, ¢
A A 2 R T P B T SRR BE T . WM. Zilka'®
Rz 7 3k o i B0 T A AL A om-a R R
(m-ABA) [ i iR 45 1, 5 X-ray 1iT 5 R0 [ 25 4% % 2 9
BRI TR S 36 45 SR W A, I R DX 40 A (] 288 78 0 A9 A o
T. J. Lin"™* J] AIRSS J7 % & 801 WY 2B (4 & o 1k 45
¥, 38 i DFT-D 33 % T #0728 & J) fiL CH--- O &
P9 R R AR SS H i e bl 2 AR

B HIL A 2R 7 5 (R AT S X b eR BOTE R IR R
MR o (RTE B R 8 R R AR 5 T 3R AR BORS f
MY S5HE o AR SRS BB 09T H 515 21 & IR 45 4 22 8] 1Y e
ZEARVIN, BEMLIE B 7 2 A% B BE i R AT 0 2E 1R 25 5 T
Pl A ATy 2R RO S . AR R R RN E A N 2
A, (0 L RE S AR Y AT B it B TR R
D5 1) R i) A R etk R RE T RS B
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3.2.3 #HUEE

T B 1 R Ao AN BT b 7 A A T R 2 R R
I 28 0o A Wy R A B v i 35t A% BEATT R TR R S DA
2T [ AR 8 45 A5 R A 1 D) AN BT R RN UG Ak X — R R
HE RN EZRM MR, fEX —o R, &
BV E — A BT R W Ok e g il R AT BEATT A8 S5 R0
4, [ B 3 75— 35 A A 38 R 15 D o T AN AR 1 £
T JLE 2 S LR M2 2 JLR, DR IR 14 3 16 B % 5
E AR I 10 #E AT Z B AAE AL R, Oganov 551 & 1Y
i A 25 4 T8 5% 7F USPEX (Universal Structure Pre-
dictor: Evolutionary Xtallography) #1581 . USPEX
3 AL SRR R A R

Z7Z. VvV
f(R) = —L _—5(R - R, 12
( ) Z§4ﬂR; N ( ") (12)

P, Z o I A B R, NPT AR B  nm; VOl
B R AR, nm? s N B R A BT A B DT
B, RE—AIES R A R 450 22 6] i AR UL T
fi 50 pR K0S 8] G SR IR B AT T

FPFP,
d,=05(1-——— (13)
’ itz
Hﬂm=%ﬂ$0%iMdR (14)

USPEX i 35 55 — M J BRI aF A6 5 1 5 4
PERE LAY fb 24 20 43 T LAAS B BE A R R REEE A
BB R U B R R SRR, © & B0 T AR 2 AL
PR ZE R0 (B T 5 e S AR U A R aE b . Rt
P HZ 5 v O T AR R A R R A A
gEFY L, WE T SIC,N, FITSi,CN, Y =5 30% M .

3.2.4 RNFHEMUEZX

WL B A S 2 A A 1 S i - R R ROk
) — i 55 T b RF 48 R SR G 19 2 R AR B B R
B KT AEARL LA BE HIL A Sk A ol i AT B R
S M A, 7R 1% 2o A v 5 B ST I B R bR i RN 2%
BB AT . PSO AT ZEHEAT 58 U7 R AR S B AR
I Bl ok YR R R R e T — PRy
], 35 B %4 Jey d A 0 38 R 70 AR ok B R
R v, R E X DR AR E

_ t Co_ ot o)t
Vij _er‘,j+C1r1(pbesti,j Xij)+C2r2(gbesli,j ij)ij (15)

= Xi[j + Vir,;r1

Ao, v Rk T 2 A R, mesT xR KL T2
HIA B 1) 3wk AR, T IR 4 s R X 2
LY S P R AR R A R R AE ST s pue R
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Review of Crystal Density Prediction Methods for Energetic Materials

WANG Li-li"*, XIONG Ying®, XIE Wei-yu’, NIU Liang-liang’, ZHANG Chao-yang’
(1. Institute of Computer Application, CAEP, Mianyang 621999, China; 2. Institute of Chemical Materials, CAEP, Mianyang 621999, China)

Abstract: Crystal density is an important parameter for predicting the detonation performance of energetic materials (EMs).
Many studies have shown that the theoretical calculation methods are able to figure out accurate densities of CHNO contained
EMs. In this work, we overview and categorize some reliable crystal density calculation methods, including isosurface of elec-
tron density method, group addition method, molecular surface electrostatic potentials method, crystal packing method and
quantitative structure-property relationship method. Among these methods, the effectiveness of molecular volume-based meth-
ods depends on its capability to estimate inter- and intramolecular interactions. It is challenging to accurately describe the hydro-
gen bonding and van der Waals interactions. Due to the huge structure group spaces and highly complex potential energy sur-
face, the crystal packing methods based on empirical forcefields are computationally expensive and lacking accuracy usually.
The group addition approach cannot distinguish conformers and polymorphs, and may be unreliable for novel or special energet-
ic materials, which are absent from accurate empirical parameters. The disadvantage of quantitative structure-property relation-
ship method is that it is difficult to give the physical meaning of the equation. The bottleneck of insufficient experimental data
and poor model accuracy needs to be solved. Nevertheless, numerous artificial intelligence methods, such as artificial neural
networks, genetic algorithm, multiple linear regression, machine learning, have made great achievements in the relationship be-
tween properties and structure, facilitating the development of energetic materials based on the materials genome concept and
serving as a main tendency in future.
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