Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier.com/locate/eng

ELSEVIER

Research
Materials Genome Engineering—Article

W28 S EHBHRY =R £ E AR A T LIt S s R T E S
AN, BB BRDT, B SRR

Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang 621900, China

ARTICLE INFO HE

SR T EHE SRR BT R R , SRR E MERE IO & REAPEHA 2R — MR BRI IE R LAF . AR
T TGS LG ST RERE R SCIR IR B & REA BRI R F B e BETE T — DR T AL &5 25
SRS A e R AU AL (HTVS) R 48 1% R LT 00 23 7-VERE , IR Xt AR HE AR AT PRAG . FEIZ R Gt
TGN, P AL B T 25 112907, FR A il 7 B B RE AN A PR HE U S (e 3 70 % F AR 23
THEAT S8 B T B B AR S AR ST TR L H bR 23T RS R SR A P e S I 2R — B30 BaiE 1A
SRR A Rt . ABETC IR T — R T BHT 2 & R AR B AT FE i 5 I HowT DA IR A

Article history:

Received 30 March 2021

Revised 25 October 2021
Accepted 15 January 2022
Available online 24 February 2022

XA e p

e bR F O T IHABA ML A B R

1?1 5 ©2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher

r ; - P Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

Z\ IE i {% Mg i (http://creativecommons.org/licenses/by-nc-nd/4.0/).
T+ He

A

1. 515 TR LR FE R A LT T VAR (78] AR, X BERLG

BREM RS —RBENSAE @SN R, LR
MR T B SR TRCHS LK g B A4 IR B A 5 . 2000
LA E AR R KUK, &R AR
A 7 EORTTER(1-2]. S S R R R R . RIEA
A ME R I 2 RIE M = MERE[3-6]. AT, HER. K
JFERIARE E M2 AR A7 AR A L7 JE AR A R R e —
kUL, B BEARHI e R B B AR B HLBRES L T v Al
R VERRAR. DAl AFEARHEmAER . R R A
SE PR HHT R BEARMT SR A — A ER B

NT IS TR R, AMISZKREEZ M
28 A3 WA T I SRR 1 Kamlet-Jacobs 23 3T

* Corresponding authors.

A AR D B8 FH TSI 56 G BORT 925 R A Ik A XA 791 77 12
JE R A 1228 8 2Ol RS T AT BN FERT R & 1k 2 5
i HHZ AR o LU e . KHHLIOR, B & ARt
0 BRAEAR AR BE AR T B4 2 B3 B s B2 Ul i A2
[9], XFPIF AAREAAFAE AR . A E T = 55 1] R 10]

B KBRS, SRR IR FE T R AR T
RAAR[11-12]. SEBAIA L, HLEs 2 I BEALE W
TEMERAYE . 2 A0 R0 b B R 2 1 ) 1 6 77 5 THI R B H A
A13], R iz B T PRRE 22 1) & AN [ 14-22].
TEMG, ARSCREIR T —FhbL A8 2 2] 5 B () i i R 0L 07
(HTVS) R4, HTh#EEIEA RIFfeE S % a kT
BT RS e R . IZHTVS RYUHNL A ST 5 e

E-mail addresses: ywang0521@caep.cn (Y. Wang), ginghuazhang@caep.cn (Q. Zhang).

2095-8099/© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

YECJFE L Engineering 2022, 10(3): 99-109

5] A< 3C : Siwei Song, Yi Wang, Fang Chen, Mi Yan, Qinghua Zhang. Machine Learning-Assisted High-Throughput Virtual Screening for On-Demand Customization
of Advanced Energetic Materials. Engineering, https://doi.org/10.1016/j.eng.2022.01.008.



2

B TARME A, M25 1124 541 BRog 57k H 1
REt R E bR 7o ik H M AR R KA B2
AR PR HERR R, X TR 11 it R HE AR 2l o R I B
IR E S 2 e PR e . St & T AT P — 25
fili, I =0 RNA AR R T R ([5,6180 2 PR
BRI BEM R ——7,8- T AH SE ML M I [1,5-a][1,3,5] = k-
2,4- % (RN ICM-104) . TEREFF LR, & REM
EHCM-104 A RIFMLE & HERE, B mAER. B
RGeS, BRI TAPEUEH T i A HTVS
RGN B LKA 5 AR Bt Ve RE B RE AR 7 T
E X&),

2. 7k

2.1, Bl % 560

M2 LA B SCER USSR T 1000 22 5% 2 RERARLEL
W, FFIGRE MR R, i m s BA 2R
57, WMEEREIR. &k, RHRMEZRMEY CFK
TEANRE AR ER RS 2 LIS A R SRR Do kA
HH ST AR B T A CHUE SE I B 2R AE, A B o A
FEFAT ALY ZRET, ¥ B $di DL 80 & 20 ¥ L5 BE B 73
NN AR B o U R it — 25 NI 2R B A
IGUEEE, AT AT e WERIE R A 24, fiih e X
AE R TG IR R N S 4L, B AT —IRRAE, T
HARAHRENGE . S&N BRI g 2
AL AR A T AT

T UNGRIr 2RBERY, AHIE 5T M S A o 1 27 250 o
(CCDC) FRELT 365 MbRic N “0” CGRINAEAG KA %
AR SR ARHERRZE D IREA RN 22 M AR IE N “17 (RoR
BARABZIRS ARG A (WL A H 5
WED . B, WAHBIEEKNAD, TiEE N HEES>]
ke Wk, MRS FEMEHmAMTE (SMILES) )
Moz AT B8 0, 1245 19 ] DA il 2 AR AR [F] 4
FHIASF SMILES #1455 . SMILES M2 i - i Artis-Pous
SF[23)H1 Bjerrum [24]3& i, & —FH T FIREE W)
FrABHE R R AR . ARE A €07 R “17 [ SMILES FEA
P BIEOR 7 10 5/ 30 5. BdEtdon)s, MEEARET K
F14000 Z 1. EINGERAMEMLE (CNN) A D
17 (LSTMD BRI, {5 BH 400 AR IR 42 e VA
BT (114 B o

2.2, FRE S AE Y
1 F RDKit FE$R B 75 H & R 7 4R Ah 8 4L

TENIREIE (RI2> FHRORFE) o J&8 M B AL 3@ it Scikit-
learn 13 F A& B9 (KRR) SEi47 1 %% . £ KRR 5
S, WE O AR, GE— MR (o
(A (D IEBT, BiFEER 0 H5I%GRER O A
FIMBLCFY (o). KL, R PFEMEHANX (2
THABHE (o, o, NaIFEINTER), APX v A
ULy SRR A RE . FREEHE P 1E N A6 2 BRI BAT 36
B o 55 FH DO s 5 2R 71 R AT 38 S 1) 5 % bR T
WIS H. kg 2R [AN 3), yERIRE T
EIE B — Rl & b fE o[RS SR R 38 4 %) iR 22
[MAE, A (4 [WHEREEEMERE. IR AT, iFINY
TR ER i DMFEAR LR AR S

y* = z?:olafk(x*vxi) (1)
a2 [k(XxT)+u]'Y (2)
REI—Z%%&;QQ (3)
> =)
1 N-1
MAE = Nzi:()’y,-—y*J (4)

43 AR Y FR A ) CNN AT LSTM A& M Pytorch JZE H 3K
. TR, M BEAE 45 605 1 438 SMILES
PRI F . FHVEAASR T [N 'S, L) T+
UL =00 = 0l 2 C 3 HY, Y Y 14 'S, 'None']
(None fl FH78). Ak, SMILES 775 35 v K /Ny
[120, 23]/ 4k (2D) %4H. X FLSTMAAL, SMILES
MK BRI 120, A VF H L 257 5 2 S Z R A )
b4, CNNEEBH A 2D BREM = A 2EHEZE. 2D &
FRZ IR 28 KN 16 8132, TR ¥R 7. Skl
JEIR RN 2. AR Z I 58 FE 433 800 100 AT 2.
KB NERIT (ReLUD AE MBS iR % . LSTM B
BERSFN64, EHCN20, KT FIRUREE IR, ik
bR 5 35 B A2 S E L, IR A 21 # 04 0.001 1 Adam A
P2 R A . B [ A R (5 & X]. P
HEFE[H AR () & M F S8 AR (7D & fE
NP R RE A FE AR, ot TP. FP. TN. FN 73 54X
REHME. EPEME MRV E. T i B R
SJENEMAL B, DA TR KB4l (KNND AE
RFEAESATIAR . SRTT, SMILES M43 15 3+ A H T
ZRKNNAAY,  J5 K2 AR A — 4 7 I A [5] SMILES Fir
FREURR A L 58 A0 [ .

Accuracy = %z?’:'oll(y[zy*[) (5)

TP N TN
TP +FN TN +FP

(6)

Balanced accuracy = %(



Precision x Recall
F, score=2 Precision + Recall 1)
.. TP
Precision= TP+ FP (8)
TP
Recall = m (9 )

T R T AT 2R IR HE ARG A ) W] e HEAT R4
FEFII A2 1 B ) SMILES B2 75 0 TR R — 4 T
(¥120 /1> SMILES, £l J& AT AfS 2384 B R AR HERA 2544
L] () [AR (10) 1. FREEEZ 105, LM
H1 SMILES #C28 (RIBE L & B s, 974 p < FIE A e
213570 D 1.

Dot
p= S ey (10)
score= > " p, (11)

2.3. il % S SRALE

JE AL R &0t SRR (i ol A JEE
B RIRERAR, Ea R 1R iR R R .
Rk, ARSI P T8 AV AN
RS RRS 2 B %

2.3.1. A-TFE- 1 H-MEME-3, 5= Jii Eh 2 6 iy 1) 4%

MR S BT HR A (1) 2% 2R [25] 1) % 4- A k- 1 -k we-3,5-
fZo KM (3 mL) JIA 4-f 5 -1H-mEme-3,5- — fi
(3 mmol, 0.429 g) MHFEE (SmL) 2FMHH . HEHE 10 min
&, SRS RNRE AR, REH O OEE (EtOAc) X
HBHT G, B3 4-EE- 1 H-MMe-3 5- e shie sk R
H80%)

2.3.2. 8-FHFEMEMEIE[1,5-a][1,3,5] = E-2.4,7- = J i %

T2 HP T 2 MR 405 Sl T T 1) % 2 S A4S 226 J il 2%
Mo e, ¥ 4-RSIE-1H-Eme-3,5- g iR £k (3 mmol,
054 g) BFALKIE (11mL) . R5, HEEFR
FINARUENE (4 mmol, 0.33 @) K LIRIE S 14 R1E 80 °C
TR 6 ho FE R RE R, VR H IR IR € ] A
Yo P88 €0 ] A ik 0 R TE 80 °C N /K F 46 iy, 15 313 £ [ 1
(8- B N 4 3 [1,5-a][1,3,5] = 8 -2,4,7- = fiit; 7PoHN
60%) .

2.3.3. 7,8- hEFE LM FE[1,5-a][1,3,5] =& -2,4- fi% (ICM-
104) 1) %%

TEVKKIE S H 8- JE ML M (1,5-0][1,3,5] = %-2.4,
7-= 1% (3 mmol, 0.63 g) LI AWBLER (6 mL) i,
SR IR N 30% i EALEKIE (2.5 mL) . fE=E

3

I FE3 hG, KRN, FHEH 28R SRR
V. BEJEAE e 28 RAX R 25 2R B, WO v v 65 [
PRRIA B bR & P0(7,8- A AL b e FE[1,5-a][1,3,5] = H-2,
4-—J% (ICM-104); 7= N 42%]. Hbrtb &A%
Pz (NMR) %4l Wi i~ . 'H NMR (DMSO-d,, 400 MHz)
o: 8.81 ppm (s, 1H, NH,), 8.56 ppm (s, 1H, NH,), 8.04 ppm
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1684.94, 1633.17, 160524, 1565.96, 1523.60, 1491.91,
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24.67%- H 1.82% FIN 46.40%.

'H 1'3C NMR # #% i i Bruker (USA) Avance Neo
400 NMR #Z jE LA 6 sl A i B, 4% 53 il 2y 400 MHz il
100 MHz. ¥R A% HE (ESD ) Shimadzu LCMS-
IT-TOF ™ J5i # A S 25 1 23 FE % T 1 (HRMISD o 8 FH A A
BAM V& AT BAM JBE 22 0 3503032 47 48 o 0 B 52k Pl 2
WA PRI e BRI AT EAS 2, Bhbe il E A E
A . ] Explos (6.02%) B4t HbrAE R MR .

3. 5R 51718

3.1. HTVS £%;

HTVS R4 MHER A 1 s, BAkThae Jiz
ITRAEMEL (@ Frs. 5%, milE sy 74 s sn]
DAAR 47 B N BEFR e BUAR Bk AR A e K & B Be o T [ 1
(b 1. RJF, HERMGFFNBYETNEE, AT PRE
BT . BT A 44 B EEAL,  DUAHTE
MEEG 7 TR NN, WEE B BB
RIS EE AT TN 1 (o 1o fSBNZJE Mg, nr LUR
s U 1 e 1 R AR R RE R BRI A R A AR e
PERITEE B RE . RSV TRIE . B B AR e
7 FIEN AR GE R 73 288, DAtk — BV T e s 2
RGBT R . A SR TGS, EHEAEAR
LT BT SR 28 T R A 28 IR S A S5 M P 43 - AT 52
56 AR AE . 1ZHTVS R0 0T LAFE BhiE 7o N 5L id i 41
A BRI 28 A 5 ) RE AL, TRE AR B R IR (R RDRS



4
BEAT SEIRAA o

3.2, FREER AN AR A

B T HAE, REE (B FRERFT) S HE pLas = S
RIWER R A — AN EERE. AR ANE SR EE
(CDS) WM K. FH—H o AMNEILHE (E-state)
eI 5 (O & . & 0. A (N
Je K mARRIIFREL, a8 Oz TR AN [ (A
RN 4 FFEME[27-29]. 340, AU ENR AT LLFEAK 2
I BRI R E AR S IHER T . RGBT E LT
—ANHE IR FEE, HAPas AN 294 T RIR T
CILPH S A HIER S2) o I H & SR IR FF R 3 3 1 % 0 F
TEARFIZH B[ e U A~F T (PBF) P4 (OB) 1)
R, XA BTSRRI 2T . B ]
AL B IR T 5 % B s A e[ 2 (@) ], 4R
R R ZH A & LRI A BN, XTI
BRI

I F T (PCAD ¥4 M CDS 75 % & $45 oh
FAREE R RE /I [30]. 0K SRR FRAE 20 & i 45 > &
GYIF, BT ZEEE0.993 [K2 (b), A]. Sh4b, X

.............. i

ey S
ure

classifier

. N .

' 1 vt

1 . L]

) ] L]

1 & . L}

1 )

' '

..........

FEB S (PC14 M PC2) 5 B+ & BT ik
(2 (b) 1, WLLEBIAFREERFEARS AN ST, I
WS E U BRI R IX SRR RE AT R %1
E 255 5 R TR AE AR

FEAE A KRR FVEBIINGRE Y f5 73 il ad B i) 25
AR b PR 8 S AR T A A B T AR AR o 0 85 5 114 12k
RE[E2 (o) Jo ZEERIL, WUEAEATNE < A A7 1E 2 3
P—EE[E 2 (© 1, HFHENMZBRRERG IES D6
(K2 (o), Al ¥ T, BEENZFEARIEG M,
WZRihsk () M XIGIEMZk (SR #RHHIa A
[F] Ry 26 [ 2 (A ], Tk BH A ST AR A% B 4 I R AR
CEP A W BN AU BRI G D o I E s 4R 1) T R
(R®) F1MAE %3 %4 0.93 g+ cm™ f10.042 g-cm™ [ K 2
() o % FERS AL =k BE AT R VR T K & 1) H0a A& 221
FHEA 78, P DAYE — @R B EAlHE 50 7 R0 SR AR R RRALE
IAHE I &0 TR FF AR NN, XHgE (D). &
& (P Mg R (T BT R AT I 5. s 2
(e) Fizn, D, PANT R RI/E MRS E 5 E I R (E 4>
514 0.83 (MAE: 2363 m-s). 0.82 (MAE: 2.379 GPa)
F10.62 (MAE: 30.8 °C) o X T3 £ 45 7 (1) )i S5 AP A

Evaluation & experiment

One-hot encoding

NO,
& C N OH - . [ ] = + None
¥/t [l [T ol o o]
- anonsnnnnn
_ N \NOOOnnEnnnnn
oma (e @) ¢ N DR ERY
ﬁﬁ _ N EEEEEEEEEEE
B oot @D (e’] & v eI oo e) ]
(c) (d)
:J (1) g\_“ - = \4 \ ’Value1
SMILES — -~ S
ol lo| O“Valuez
One-hot T~ ) O s
encoding S J

Convolution layers

B 1. HTVS RGIHEZEAMANE. (a) HLAE2F B HTVS HEZE
Moz E; (d) CNN A one-hot I AZiIL; (e) CNN L5,

Full-connection layers

(e)

(b) R R AHER > T A BUR R (o JR PR AU 8 ZORMER S5 4 /) 2848



JUSI0IYL02 uone|@lo)

LN . 1
WbBlam Jejnoajow I

SO I e [ II---m-II-II
puogyu I l-IIIIII-I-IIIIIII-III-I-I

CHNU-BEEEENEEEENEEN HER
QPUOGHU - MM HEN i HH , HEHE
vesoar- @ Ny WA NN ARNANNNNG R

NGO O LLOENNO
mwmmmmmmmmz))zmm@munnmmmB%oh1HHRm
SSZ<x8 Z2ZZ00S 883 aq gsooaan
oafccy ZOczZzzL LS Lo - WPOHNN
£ © °F 559883 5 °
i ERE L 2

© 6= 3]
o 2
=5 S
Ss £

Cumulative
variance

Variance
per component

® © ¥ o o©
o o o o
@oueleA jo uoipodold

10

-4 -2

-6

11 21 31 41 51 61 71 81 91

1

PC14

—e—Cross-validation score

—e—Training score
100 200 300 400 500 600

b)

(

[{o] <
Aiigeqoid

Principal components

Training examples

-02 -01 0 01 02
Deviation (g-cm™)

0

3)

121416182022242628
Observation (g-cm

(d)

)

C

(

0.82 0.62
30.8°C

0.83

0.93
0.042 g-cm™

2.379 GPa

236.3 m's™

MAE

(e)

B 2. PERETHBTL (RRF AE X AT AR S AlT o (a) [ SCHIR 5 A J L AR % P 00 B (KRS E 20 A5 #4005

=
Els)

(b) FFAE ) PCA 43 #T B 25 % H gl 1 6 i
SRR .

T,:

(e) ANUNZBR IR B (D2 Beik; P: R

By BRI (o B EHURINRE () R CRE) MRUTEARZEM G, Kb (B BEIRIIZE QU B i 2210 IR 71 i
(d) BEZUIGRERI 2 o 2k (Lol Zrhzk, 2R 72 XGIE M 2R) ;

2



THS W A P S2; A2 IR IE 73 BRI 2R S € 1 U
K E LRI R ARERSI. HHERERNZ, Sd%
M LARAREL, ASCRBRIAEAERGPE . A Rk AN i 1 T
FHATS)) (WHFATRERSS . BT Rk 4 Eag
CEEPE. Bl A MR Ah, Rt & e bk
IRZ O 5T o L T I 36 P A SR 9000 A 7R 475 SR AR IR
b SO PN P9 R R R AT SRS 2T (NI 2o (AP A b
FAHENKIZ RERRM K. Bk, e — ok i
P EE AR

3.3, 20 SR AR S R I oy A Y

DN T R — PR T SR (1 SR U e B A R R Y
R T, AHI T SRR o R I B IO A A
a8 AR AR HER R R IR, R R R — S R R A A
SE KL RS BE MR IR BE 2 TB) A7 AE 2 35 A G 1% [32-34].
a5 T A MAAAERR R, R LS ) T % B ik
JEBEAH ELAE P 00 B B T e S AR TR . TEZ AT —
SeR TR, DR PE AR L B R T TN AR AR, X RR T
B G R PR BE 27 2 SR 5 Bl e tRdX — ] /L [35-36]

BT ERFERE, AP CNNAILSTM [37-38]K 4
PEH TS5 HEWTRE TS5 T RS 28 R AR S M A B
. CNN i H 73 F SMILES = £F 5 1] one-hot 2 5% 1E %
NBAT BT (o) (d) 1[39-40], H M 245 FanE 1
(e) fizn. LSTM H 1% F SMILES 1 Af N 47 Il 45
seAk, XHE A CDS A AH N KNN A (CDS + KNN 5
D AT, JRE AR R, SRS IS RGEAT I
o ISR LB 3 fror, 459 % B SMILES One-
hot + CNN FE U4 F SMILES + LSTM A& Y, Ji K] 2 /i &
IR RN A I HL AT — AN (R P e~ 18
FE T e — M AL I R R R T DAR I B A
#1251 SMILES Onehot + CNN (epoch 15) #57 frj & il Lt
SMILES + LSTM 5 4F, AN 5 3 50400 1m) 15 28 4 A8 2R
T 17 ) RAPFENIEARERMER (“0” ) &
To MHHZTF, MPHEAEE (0.65) FNREHFE T HE,
CDS + KNN B R H B ZE IAE FE o H IR o 4 SR 3=
BLJFE R & CNN FI LSTM A B R B 1 B8 2 o0 T 40 T 4514
A5 Cln B RIS B RS s 306 T F0000 A4 HEAR
FOREED, MTECDS + KNN3 BAERHIE (L
R AR IR R B T . AW R 2R T 5 A R SE A
(a2 F CDS [ Y skt fph 8 i 2, 25 SR ILEE S A P i
#S5), 45 B LW SMILES Onehot + CNN #5578 /¢ i i 11k
75 TR AR

B J5, ¥ SMILES Onehot + CNN # %4 5 SMILES #

BEIMEE G, UV T HA R BRI R S5
MIRTRENE[41]. W REVE(E RS — N0 TR SRR HE
RREE RIS 1205 20 M T 1 B 1 BRI AT BEPERT IX
Se TREAT o RMIPRAG . I R TT G A SRR
PR EE R B 10620 BRACAS S IR At -

3.4, FRESY T Il AR N

F IR E R AR 1 B i e I B AR OB s A
EIS3) #ATHFAEMIE L (b) 1[42-43]. LFER, WA
N RO RIS R 7 CUN[S1H8 2 XA A5, 618 44 XX
RS RE) RIS R R, ARG 7 Sl T —
RIVE S FR S RES F[44-48)c AR E S KIET
EH 5,618 2% XU 1 4 A Jis /28 B UV 2 BE 23 7o

5y T HE BRI W) AR N S5 AL 5 AN AN R[5, 6] 3 Bk
Wo 2 E5HBL MIAERTAE dfEz )6, KE7T
355 ANANE IS, 6100 A WA H LK 4 (@) 1. HEE| 5T
A BB IR A SEHG B B AT I, (5,600 2% XA B 42 v (1 B
Z WUAREEAT mi e PR A 44> CHLBH S A IR I S2 H s
BD . W EE/ 25N 355 MRS, 6180 2 XA 42,
TEGE RPN 26 8 JE SR AR T 25 112 4N5,6188 44 WU 73
To WPt AT E S4 R, AR T RE S A S
5 E5H 18R 25 Y R A £

Bt J A B 25 112 4S5 BE 43 1S N @ P oL 45
L e A @Y CRIEEE. D PRIT), FEEATHH
i CUHLBH S AR TR 5 . B =48 (3D) HEHEL
HE[E4 (o) FERRE[E 4 (o XA TR ME
A 0 0 1 AR AT P ARAL o 25 112 N4 7 B TR B 1 A A
T REA B — S — SRR, N % FERT D/P IR IR 2 A A
KMk, B SR R E 2R RO 4 (D) 1. #
2 LB REA RN = O = A R E (1,3, 5-trinitro-1,3,5-
triazinane, RDX) HIZE (1.80 g-ecm™) 1E AL E —
ANbRAE, TRAE S, 4r R R 25 112 4> 2R
F 3141 N4 (b) 1. D EESEEN, T,m T
280 °CIM 73 ¥ (L) KZALT D, B AH X AR A X 2k
(#18000 m+s™). i D, KT 8800 m-s™ {143 F (s K
AT TAEFRT AR X I, (£160°C) [KE4 (b) 1. 4
sl NfEE (D, > 8400 m-s™) M e (1>
280 °C) fRiikbriE (LB A B SS) B, 2 ZR
1)1 HE M 3141 DN B 11444 [ 4 (D) 1. &a s
R 993 i /e 4B ik s A LR 4 (b)) FfE s A v
1 S6].

B AR IZ D SN, SOREE R T AA
BIARII[S,6188 44 XA 7 F-EL B 240 4 (o) 1o BIA



o 1.0 Epoch 15 1.0
o8l SMILES_Onehot + CNN log 08
0
06} —— Train loss {os .. B 06
e Test loss § 3
S —— Test accuracy 3 3
el —— Balanced test accuracy 107 < 04
14
02} \ 106 0.2
R
VY
r : ‘ 0.5 ‘ 0
0 10 20 30 40 0 1
Epoch Prediction
(@)
1.0 10
SMILES + LSTM Epoch 80 1.0
il 1°° 08
0
(V- )
06 | ‘ —— Train loss {os .. o
3 Test loss 2 _ I
5 [H]
S —— Test accuracy g g
-
047 —— Balanced test accuracy 107 < 0.4
A
i oo . N 1-
| ' 1°¢ 02
0 05 o
0 20 40 60 80 0 1
Epoch Prediction
(b)
1.0
CDS + KNN
Method Accuracy Balanced F,
0.8 accuracy
0 0.03 :
SMILES_Onehot
08 + 0.98 0.96 0.94
3 CNN
O
3
-04 SMILES
+ 0.93 0.91 0.78
1 0.33 LSTM
-0.2
CDS
i 095 0.65 0.33
' 0 KNN
0 1
Prediction
(c) (d)

B 3. /R R . (a) SMILES_Onehot + CNN A8 8 Fll Zrid FEFIVRIEHIFE; (b) SMILES + LSTM A2 AL ¥l Ziid FEFIVRIEHIFE; (¢) CDS + KNN

B FIRVEFERE ; (1) MBI - R PR TR .

HE (>1.80g-m™) FIRER (D, >8400 m*s™) [IifFiEIR
R, 54 CREE). 64 () 74 GRIER) &
Ji 7 HUAR 1 [5,61 88 44 34 437 L 451l 29 3 AL 5.31% 0.84% FH
0.06% 1% 20.10%- 4.02% F10.61%, X &EWEE D 75
B Em A EAR TS TR (R%EMED,
fH). HE, MmAGESRLS TRttt R0 ®
HFEXME LT 280 °Co MHILZ R, 14y () fi2Ap
Cerfa) SR T BRI [S, 6] 88 44 28 43 -1 19 L 451 40 531 K

10.35% F1130.72% T F#21 0 F110.96%, % T35 & 7 39 () 77
HhRE, RIREAS B TR E R RAFIN . Ed
EE (>1.80g-em™) MR (D, >8400m-s™) fiiik/5,
TEG % I 1144 MBI S, 3ANEEURS,6]81 2%
WGy F (ZRE) SR XS E 2 (26.84%)
SR, BT o MR AN RE R m AR E M (T, >
280 °C) MkritE, F R F A3 A EIURAI[S,6158 4 XA
T RIS EAN SRR, 5 800 2 % B RE = AR k1)



[5.6]Bicyclic Fused N-substituted biheterocyclic backbone 21 0
carbon backbone (355 in total) 0.84%) (0. 06 %)
(5 et N C@ 5 N 1 333 1% 3%?/
Nz SN (\"I' B (5.31%) ( )
“ Substituting C N O:i' 4620 All
W'th N ) s generated
“ Y*" BN N\:r : 42 (18.40%) molecules 7714
“ 3N <" 75 e 8622 (30.72%)
“ Napey (34. 33%)
7N ~ 1
N LT N 105 Ntia
N NN
(a)
46

Properties prediction and screening of generated molecules

Permutation and combination of
amino and nitro group.

0. 22%

25112 molecules _
o7 . . 40

anpnenaas G
P (GPa)

RR=Fspetcarad
NENO®MW @
ocmnwomawo

<@
=)

All generated

%, %
. Density> ©
5] D.(m-s™) [ molecules 4 ]

1.80 g-cm™

(
, . (1.46%) . 81%
Sanitization and deduplication. 248
- “~ 3 141 molecules|]  (7.90%) 647
. ) Den5|ty> (20.60%)
o s

934 1.80 g cm™@

(29.74%)

1202
(38.27%)

2 S NNNNNWL TS
TR S
3E8

DO B

Ok
tmoweohman

. 61%
= (4. 02%)\‘ . 96%
2 % 230

(20.10%) 307

(26.84%)

4 7.>280°C |p,>8400ms")

IR AT R MY I
ORPP PO OO O 2
onra@ona N O
oo~ mooo ="

>
8 40 m-s™!
543
(47.47%)
T, > 280 °C
“ oo 00%

N H2N B3N W4aN Bs5N WeN H7N

Bl 4. 7> A e it e .
FRAAE REHH £2 % 5/D T

(@) [5-6]HH 44 BUA-H 22 (1) A Jliad 7
B E/PVHIA D /P E IR 5

i o IR S 2 A (—EE IS4 UL
SEAFIEIST) s H AN A SR TR S BRI T
FacE AT 3 B A LA 2 20 R FE R b v (T, >
280°C). Bz, &= 0k, REE 99N>
NANRRT RO BURI[S,61F5BIA DT W T
ROEMEMAES, S4MNEETHRIMAST @GN IR
B RAMENBER B G,

KX 99N o T RN KA B RAIRMERR G544 73 2 3%
XFEATE SRR A 8RR S A S5 M W] B PEEAT 4T 430 %)
AN TR EE 5K, S5RILES (@) FHEA K
B & 2. WRIETH BN & BREATHT, 551
ZERES (0 Fis. FEVE 73X 5 AN F & BT AT 1
(s AT IE S &, KIAF2[ES (b): 7.8-=
T FE ML IE1,5-a][1,3,5] = We-2,4- 1%, FE A4 N ICM-
104 AR BB, JF B BB S Rrrte. i, ik
B0 7 20N HAR o T IEAT J5 825558

PR (b) YHARA RS B 2> 78 3D A ] CRA,

(c)
LR (51520 53

(o) YHAAA TP IR P A R AR [S-6 1B A XA 7 T BRI LA o

3.5 B HNEREWT T

L NEFRIE, RSB E R, i =P RN
I % T HFR2 T ICM-104 (352375 . KM 2
TR RO AT AR FHE R, RIS & X AT 1
mMMM$%<LW%A*%%%LImuMAﬁ%E
SBEVIR mARHER SN, ST —8, BN P2 /e
[@6@HOE%%MM$,~¢m%&tﬁ¥¥@2%
179 66.7°) 53X A2 FHAH AT B9 PR A 22 A0 TOHE = F FH
MEI[E 6 (a) 1o ICM-104 {18 7> TP & 2. RY SR
R T2 A SBR[ 6 (a) 1. X450 EW, %
JE 2R 28 EIR AR S5 4 73 SRR B TR 0 B Rk
£ R AR T R S R T

58 % ICM-104 [ G5 RAE 2 5, 38 1K S8/ H 5 45
SR A SR TR0 14 225 SR AT AR DAl TIIASE B ) 5
. wEe6 (b) Fizn, ICM-104 TR E . D, AP 435
N 1.828 grem™. 8422 m-s' f129.8 GPa [ 6 (b) Hiffi4k
tEH K], BaLsiEE (1.825 g-em™) ATFH P D E



7
08

"l . l ] | J

’

oll MHLI| “

Averaged score

I Ml

Number

(@)

0.

%]

r‘ H

.\Hrm d‘"\"\

-‘f
il
100

\N\

H:N N
E\Y
{"N o \ :

NH;

., NH;

08}
@
s 06}
[&]
w
g 04l
@ 0.68
[oh]
z o0zl

0

N

Number

B 5. MR A SRR IR RS I . (2) 99 ML ST B AT SR 2R B IR S 2 0 B GRZZIRR S RT3 22D ;. (b) Tl g

PEHEA B LR 20 525K

A PAE[8551 m-s™' #129.8 GPa; 1 /| Explo5 (v6.02) 3k
BIE6 (b kL arRE]. HEEE (T) Mk
IGME (326 °C) AITHMILER (286 °C) ZIAIFF{EZI40 °CHI
2 o 3 X PP R 22 1 3 5 DR ICM-104 1) 1402 el it
Iy IR A ST R, AR H AT R SRR R 2
SEHRAE TP b, 3R 2 1A ELAE FH IR B8 70 AH X A
55 . ICM-104 (1) 43 fift i B2 /& ik 326 °C (UL B s A i i
KIS9), 52,6-2%E-3,5- ZhH AL -1 40 (LLM-105)
(93 R B (342 °C) J% 2,4,6- =& 3E-1,3,5- = ff 3 %
(TATB) M) fift i E (350 °C) %3 . {# H Kissinger A1
Ozawa 77 %3545 11 ICM-104 11 JE 55 8 50 77 2% R WL iE 10 RE
(E) 434615 kJ-mol ™ 1594 kJ -mol™ WL A HH )
KIS9), HHIICM-104 HA 57 AFEE M. ICM-104 %2
o PR 20 el P52 VT DR T LS 3R IR MEAR 54, I b HEARASE
A TS0 T G R s MR B8 w3 1) 51 Rk BB R
fift 2548 4 260.63 kJ -mol ™', K LLM-105 (247.72 kJ-mol™
W WS AR S10][49]. BEAN, ICM-104 8K B
WA E S GUE/ N3 D MEE IEHEET

360 N) SR E ., [FI), TATB (1.882 g-cm™. 7964 m-s™'.
26.8 GPa#1317°C) AILLM-105 (1.906 g-cm™. 8537 m-s™'+
31.5 GPa #1289 °C) [ FMME ik T e A1 py S/t 5 2
[(E6 (b ]. 1@ FELH S5 AL BL & 5 TATB F1 LLM-
105 (I HEERE LLER UL 6 (b) RIS A TR S7], WLAK
LICM-104 72 — PR A BT 5% A FOA U B BEA KL

AL NG3 T AL RN A HERR 7 S A 25 058 P ) ik
T ICM-104 22 I H BRATUBR B BE 1R J5L D8] o A4 i 2k LAy
RKFRES (ESP) AIHLf T (1A Z4{f FH Gaussian
09 D.01 il Multiwfn 3.7 115 fER I =0 FEHNSEL
W T VRS 4 AE LR T B B E 1 [50-51]. a6
(© fim, N rPREEE, EX =AY+, TATB L5
B FARKESE . 32D LLM-105 5 ICM-104 347 LL#L
LLM-105 (1) ESP & A AE A LA P4 (537314 44.6 keal * mol ™
F10.243) LT ICM-104 (43515 60.7 keal »mol ™' #10.219)
B AR LLM-105 (-0.393e) [ Al 2 H af 0% = T ICM-104
(-0.485¢) [52], {HTTLAIAH LLM-105 53T 4584t ICM-
104 5585 . S—J7H, KM 1Tt & 7 JE AR



KbﬂW‘“{

T Trestene  nowizas &00ito 6], --:I
SRR VR TS e
}”M
B e st 2t
W
s =
}-h.@

Graphite-like layered structure

Enlarged
view

e

ICM-104
O.N
N
-~ ~'
O:N \—N _
Y

NH,

Enlarged
view

NH;|

C
£66.7°

Molecule structure

. 8000
.g 6000
2 =
.»E‘ Rl 16251826 1 937 1.882 E’ PY R 6551 8422 8179 7964 MM8639 8537
f = —
S 4
Q
= 2000

0-
ICM-104  TATB LLM-105 ICM-104  TATB LLM-105

0- 0-
ICM-104  TATB LLM-105 ICM-104  TATB LLM-105

Measurement/calculation Prediction
ICM-104
.24
TATB 21
LLM-105 0‘242
T T T T T T T T T T T T
0 -01 -02 -03 -04 -05 -06 0 10 20 30 40 50 60 0.215 0220 0.225 0.230 0.235 0.240 0.245 0.250
Nitro group charges (e) Maximum of ESP (kcal-mol") Balance of charges
(c)
500
—a—|CM-104_A |[—*—ICM-104_B
. —o— LLM-105_A fjf —*%— LLM-105_B * 5
L 4001 o qatB A [| —*—TATE B y o
£ 4
$ 300 = A
Q
oD
&
5 200 -
=
=
g *
w100 1 / ICM-104 TATB LLM-105
] *
0 /I/L PO — A: Direction parallel to the plane of the picture.
L) T T
0.5 1.0 1.5 2.0 2.5 3.0

Sliding distance (A)

Bl 6. ICM-104 [{] i ARG ATE R . (a) ICM-104 113D 2547 5B 2R AR HEAR |

B: Direction perpendicular to the plane of the picture.
(d)
2D TFIRAG T US54 ;s (b) ICM-104. 2,4,6- =2 JE-1,3,5- =i

HEIK (TATB) Fl2,6-202E-3,5- Zhg 2 b R -1-50 /) (LLM-105) [ TRINAE 5 SE/vh S5 68 2 18] 1) Bl e [ 2 4 € X 3l o 52 36 ) & 554 A Explos

(v6.02) THEERIFE, TS G AR TR i A LA 24 ST B N A 1 B 5

(¢) ICM-104. LLM-105fI1TATB (1 kcal =4.19 x 10*° ) MIRSREAT . K

e s (BSP) MIHLGEHTAIELE: (d) ICM-104. LLM-105 A1 TATB 2 X S AE Rk, Hd iR s (0 &k B s o172 .

IR RE S B RE AR, AVEAl AR B E (1 T
Bk K6 (O Frox, AEEAR{L MR E %I LLM-105 >
ICM-104 > TATB HIJIGU B 7 HF 51 o AR AN LR A ]
F, 2R S8 IR HE RN ZE A ICM-104 EL R JRR il AR &5 449 1)
LLM-105 B A B gz i E o R0, 1 il i s 22k 1T e
SDAEW BN R 5 R E E AR B HE R . Rk,

ICM-104 X} B (1) 5 B A2 A A58 b TATB BRI 2 . T Bk
S3HT, ICM-104 31 H AL FE A T LLM-105 Al TATB
ZIARA B . anft s A EIS10 frs, il S Rk
ERPAR AP RIERE LU, AT RLE—25 1™ 2 ICM-104 1)
GEAVEREILA . TEROE M TAER, ARSCHREH PIMLAS 2 2] 4
BIHTVS R Guid i N TR R & BRIS M RH 53] AT



o AT S S BV HTVS REHETR SR
FLA P 5 S5 # AT B 00 7 28 & e A R T R B ELOK
VAR

4. %L

KRWFI R T — AW B HTVS R4, JFH
TR S GRMEIIRE . ZHTVS RGEK T milBED T
A SR IR il 701 A OB £ 5T 08 I e
AMCE PO T A SRR R I 7 450 . HLES 2 I iy
H J PR TN 35 A1 2K A 58 AR MERR G54 73 SRR AL . TR T
MEREE AN EABER COREHE., BE. BEMD iR
£, MG 7 2256 H CNN 2 R 8L, BRSO S
SR RS M W] e tEEAT PG . BT HTVS R4, M
25 11245618 4 WU 43 il g R B 1 BAT IR F5 HERE I
ICM-104. i — B RS FR LY, ICM-104 R H 5
AP RAFvERe, G RIFIOEEMER CEEN
1.825 g-em™, D, =8551 m-s”'. P=129.8 GPa). fK/K¥
CRET R N 35 T, BESBIRIE 9360 N) AR 47 i) FAER E 4
(I8 53 IR FE 2 326 °C) o ASHFFFLIE B 1T HLAE 5 2] Sl B
HTVS £ 4 £E s & 90T 24 & Be AR 7 TH 98 770 BEAk,
AT )RR G 07 R] A T B A L T R
R

|
TR PROR S 1) 57 1 2 A Reaxys 208 1 A 8 R

AL, BRI H (TZ2018004) Al E 5X H 4R B
FEETH (21875228.21702195) [ S ¥

Compliance with ethics guidelines
Siwei Song, Yi Wang, Fang Chen, Mi Yan, and Qing-

hua Zhang declare that they have no conflict of interest or

financial conflicts to disclose.

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.eng.2022.01.008.

References

[1] Gao H, Shreeve JM. Azole-based energetic salts. Chem Rev 2011;111(11):
7377-436.

[2] Nuiiez-Quintero D, Hernandez-Rivera SP. Spectroscopic modeling of nitro
group in explosives. In: Szu HH, editor. Proceedings Volume 6247,
Independent Component Analyses, Wavelets, Unsupervised Smart Sensors, and
Neural Networks IV; 2006 Apr 17-21; Orlando, FL, USA.

[3] Dippold AA, Klapotke TM. A study of dinitro-bis-1,2,4-triazole-1, 1'-diol and
derivatives: design of high-performance insensitive energetic materials by the
introduction of N-oxides. ] Am Chem Soc 2013;135(26):9931-8.

[4] Baxter AF, Martin I, Christe KO, Haiges R. Formamidinium nitroformate: an
insensitive RDX alternative. J Am Chem Soc 2018;140(44):15089-98.

[5] Zhao G, He C, Kumar D, Hooper JP, Imler GH, Parrish DA, et al. 1,3,5-Triiodo-
2,4,6-trinitrobenzene (TITNB) from benzene: balancing performance and high
thermal stability of functional energetic materials. Chem Eng J 2019; 378:
122119.

[6] Li S, Wang Y, Qi C, Zhao X, Zhang J, Zhang S, et al. 3D energetic metal —
organic frameworks: synthesis and properties of high energy materials. Angew
Chem Int Ed Engl 2013;52(52):14031-5.

[7] Kamlet MJ, Jacobs SJ. Chemistry of detonations. I. A simple method for
calculating detonation properties of C-H-N-O explosives. J Chem Phys 1968;
48(1):23-35.

[8] Zhang C, Shu Y, Huang Y, Zhao X, Dong H. Investigation of correlation
between impact sensitivities and nitro group charges in nitro compounds. J
Phys Chem B 2005;109(18):8978-82.

[9] Wang Y, Liu Y, Song S, Yang Z, Qi X, Wang K, et al. Accelerating the
discovery of insensitive high-energy-density materials by a materials genome
approach. Nat Commun 2018;9(1):2444.

[10] Gu GH, Noh J, Kim I, Jung Y. Machine learning for renewable energy
materials. J] Mater Chem A 2019;7(29):17096-117.

[11] Agrawal A, Choudhary A. Perspective: materials informatics and big data:
realization of the ‘fourth paradigm’ of science in materials science. APL Mater
2016;4(5):053208.

[12] Butler KT, Davies DW, Cartwright H, Isayev O, Walsh A. Machine learning for
molecular and materials science. Nature 2018;559(7715):547-55.

[13] Muratov EN, Bajorath J, Sheridan RP, Tetko IV, Filimonov D, Poroikov V, et al.
QSAR without borders. Chem Soc Rev 2020;49(11):3525—64. Correction in:
Chem Soc Rev 2020;49(11):3716.

[14] Lu S, Zhou Q, Ouyang Y, Guo Y, Li Q, Wang J. Accelerated discovery of stable
lead-free hybrid organic-inorganic perovskites via machine learning. Nat
Commun 2018;9(1):3405.

[15] Takahashi K, Takahashi L. Creating machine learning-driven material recipes
based on crystal structure. J Phys Chem Lett 2019;10(2):283-8.

[16] Barnett JW, Bilchak CR, Wang Y, Benicewicz BC, Murdock LA, Bereau T,
et al. Designing exceptional gas-separation polymer membranes using machine
learning. Sci Adv 2020;6(20):eaaz4301.

[17] Zhou T, Song Z, Sundmacher K. Big data creates new opportunities for
materials research: a review on methods and applications of machine learning
for materials design. Engineering 2019;5(6):1017-26.

[18] Gomez-Bombarelli R, Aguilera-Iparraguirre J, Hirzel TD, Duvenaud D,
Maclaurin D, Blood-Forsythe MA, et al. Design of efficient molecular organic
light-emitting diodes by a high-throughput virtual screening and experimental
approach. Nat Mater 2016;15(10):1120-7.

[19] Oliynyk AO, Antono E, Sparks TD, Ghadbeigi L, Gaultois MW, Meredig B,
et al. High-throughput machine-learning-driven synthesis of full-heusler
compounds. Chem Mater 2016;28(20):7324-31.

[20] Chen G, Shen Z, Iyer A, Ghumman UF, Tang S, Bi J, et al. Machine-learning-
assisted de novo design of organic molecules and polymers: opportunities and
challenges. Polymers 2020;12(1):163.

[21] Elton DC, Boukouvalas Z, Butrico MS, Fuge MD, Chung PW. Applying
machine learning techniques to predict the properties of energetic materials. Sci
Rep 2018;8(1):9059.

[22] Kang P, Liu Z, Abou-Rachid H, Guo H. Machine-learning assisted screening of
energetic materials. J Phys Chem A 2020;124(26):5341-51.

[23] Arus-Pous J, Johansson SV, Prykhodko O, Bjerrum EJ, Tyrchan C, Reymond
JL, et al. Randomized SMILES strings improve the quality of molecular
generative models. J Cheminform 2019;11(1):71.

[24] Bjerrum EJ. SMILES enumeration as data augmentation for neural network
modeling of molecules. 2017. arXiv:1703.07076.

[25] Solov'eva NP, Makarov VA, Granik VG. Highly polarized enamines. Chem



Heterocycl Compd 1997;33(1):78-85.

[26] Tang Y, Ma J, Imler GH, Parrish DA, Shreeve JM. Versatile functionalization of
3, 5-diamino-4-nitropyrazole for promising insensitive energetic compounds.
Dalton Trans 2019;48(38):14490-6.

[27] Hall LH, Kier LB. Electrotopological state indices for atom types: a novel
combination of electronic, topological, and valence state information. J Chem
Inf Comput Sci 1995;35(6):1039-45.

[28] Hall LH, Story CT. Boiling point and critical temperature of a heterogeneous
data set: QSAR with atom type electrotopological state indices using artificial
neural networks. J Chem Inf Comput Sci 1996;36(5):1004—14.

[29] Landrum G. RDK:it: open-source cheminformatics. 2006.

[30] Abdi H, Williams LJ. Principal component analysis. WIREs Comp Stat 2010;2
(4):433-59.

[31] Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al.
Scikit-learn: machine learning in Python. J Mach Learn Res 2011;12:2825-30.

[32] Zhang C, Wang X, Huang H. m-Stacked interactions in explosive crystals:
buffers against external mechanical stimuli. ] Am Chem Soc 2008;130(26):
8359-65.

[33] Zhang J, Mitchell LA, Parrish DA, Shreeve JM. Enforced layer-by-layer
stacking of energetic salts towards high-performance insensitive energetic
materials. ] Am Chem Soc 2015;137(33):10532-5.

[34] Song S, Wang Y, Wang K, Chen F, Zhang Q. Decoding the crystal engineering
of graphite-like energetic materials: from theoretical prediction to experimental
verification. ] Mater Chem A 2020;8(12):5975-85.

[35] Ziletti A, Kumar D, Scheffler M, Ghiringhelli LM. Insightful classification of
crystal structures using deep learning. Nat Commun 2018;9(1):2775.

[36] Ryan K, Lengyel J, Shatruk M. Crystal structure prediction via deep learning. J
Am Chem Soc 2018;140(32):10158-68.

[37] Krizhevsky A, Sutskever I, Hinton GE. ImageNet classification with deep
convolutional neural networks. Commun ACM 2017;60(6):84-90.

[38] Gers FA, Schraudolph NN, Schmidhuber J. Learning precise timing with
LSTM recurrent networks. J Mach Learn Res 2002;3:115-43.

[39] Weininger D. SMILES, a chemical language and information system. 1.
Introduction to methodology and encoding rules. J Chem Inf Comput Scil988;
28(1):31-6.

[40] Paszke A, Gross S, Massa F, Lerer A, Bradbury J, Chanan G, et al. Pytorch: an

imperative style, high-performance deep learning library. In: Wallach H,
Larochelle H, Beygelzimer A, d'Alché -Buc F, Fox E, Garnett R, editors.
Advances in neural information processing systems (NeurIPS 2019); 2019 Dec
8-14; Vancouver, BC, Canada; 2019. p. 8026-37.

[41] Moret M, Friedrich L, Grisoni F, Merk D, Schneider G. Generative molecular
design in low data regimes. Nat Mach Intell 2020;2(3):171-80.

[42] Gani R, Brignole EA. Molecular design of solvents for liquid extraction based
on UNIFAC. Fluid Phase Equilib 1983;13:331-40.

[43] Sumita M, Yang X, Ishihara S, Tamura R, Tsuda K. Hunting for organic
molecules with artificial intelligence: molecules optimized for desired
excitation energies. ACS Cent Sci 2018;4(9):1126-33.

[44] Gao H, Zhang Q, Shreeve JM. Fused heterocycle-based energetic materials
(2012-2019). J Mater Chem A 2020;8(8):4193-216.

[45] Chen S, Liu Y, Feng Y, Yang X, Zhang Q. 5, 6-Fused bicyclic tetrazolo-
pyridazine energetic materials. Chem Commun 2020;56(10):1493-6.

[46] Tsyshevsky R, Smirnov AS, Kuklja MM. Comprehensive end-to-end design of
novel high energy density materials: III. fused heterocyclic energetic
compounds. J Phys Chem C 2019;123(14):8688-98.

[47] Schulze MC, Scott BL, Chavez DE. A high density pyrazolo-triazine explosive
(PTX). J Mater Chem A 2015;3(35):17963-5.

[48] Yao W, Xue Y, Qian L, Yang H, Cheng G. Combination of 1,2,3-triazole and 1,
2,4-triazole frameworks for new high-energy and low-sensitivity compounds.
Energ Mater Front 2021;2(2):131-8.

[49] Cao Y, Lai W, Yu T, Ma Y, Liu Y, Wang B. Graphite-like packing modes
facilitating high thermal stability: a comparative study in the polymorphs of
planar energetic molecules. Cryst Growth Des 2021;21(6):3175-8.

[50] Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR,
et al. Gaussian 09, Revision D.01. Wallingford: Gaussian, Inc.; 2013.

[51] Lu T, Chen F. Multiwfn: a multifunctional wavefunction analyzer. J Comput
Chem 2012;33(5):580-92.

[52] Mathieu D. Sensitivity of energetic materials: theoretical relationships to
detonation performance and molecular structure. Ind Eng Chem Res 2017;56
(29):8191-201.

[53] Song S, Chen F, Wang Y, Wang K, Yan M, Zhang Q. Accelerating the discovery
of energetic melt-castable materials by a high-throughput virtual screening and
experimental approach. J Matter Chem A 2021;9(38):21723-31.



