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Fig.1 The optimized structures of model compounds N—N B (1.450 A) K, B2 b A X A RA RE
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Table 1 The selected parameters of model compounds
bond TNP bond MTNP  bond ATNP  bond PNP
H(18)—N(5) 1.017 C(18)—N(5) 1.480 N(18)—N(5) 1.399 N(18)—N(5) 1.671
N(6)—C(1) 1.443 N(6)—C(1) 1.437 N(6)—C(1) 1.4 N(6)—C(1) 1.443
N(9)—C(2) 1.460 N(9)—C(2) 1.468 N(9)—C(2) 1.450 N(9)—C(2) 1.463
N(12)—C(3) 1.460 N(12)—C(3) 1.446 N(12)—C(3) 1.467 N(12)—C(3) 1.463
N(15)—C(4) 1.443 N(15)—C(4) 1.460 N(15)—C(4) 1.431 N(15)—C(4) 1.443
O(16)—H(18) 2.407 O(16)—H(20) 2.251 O(16)—H(19) 1.906 O(16)—N(5) 2.709
O(7)—H(18) 2.407 O(16)—C(18) 3.011 O(16)—N(18) 2.728 O(16)—N(18) 2.611
0O(16)—N(5) 2.633 O(7)—C(18) 2.744 O(7)—H(20) 2.140 O(7)—N(5) 2.709
O(7)—N(5) 2.633  O(7)—H(19) 2.504 O(7)—N(18) 2.720 O(7)—N(18) 2.610
O(7)—C(1)—N(5)—C(4)  178.7 O(7)—C(1)—C(2)—N(5) 172.7 O(7)—C(1)—C(2)—N(5) 151.5 O(7)—C(1)—N(5)—C(2) -175.5
O(8)—C(1)—N(5)—C(4) -166.2 O(8)—C(1)—C(2)—N(5) -175.4 O(8)—C(1)—C(2)—N(5) -161.6 O(8)—C(1)—C(2)—N(5) -170.6
0(10)—C(2)—C(3)—C(1) 157.6 O(10)—C(2)—C(3)—C(1) 145.3 O(10)—C(2)—C(3)—C(1) -169.4 O(10)—C(2)—C(1)—C(3) ~-157.9
O(11)—C(2)—C(3)—C(1) -146.4 O(11)—C(2)—C(3)—C(1) -147.5 O(11)—C(2)—C(3)—C(1) 147.7 O(11)—C(2)—C(1)—C(3) -156.8
O(13)—C(3)—C(4)—C(2) -143.0 O(13)—C(3)—C(4)—C(2) 165.2 O(13)—C(3)—C(4)—C(2) 141.2 O(13)—C(3)—C(4)—C(2) -156.8
0(14)—C(3)—C(4)—C(2) 157.8 O(14)—C(3)—C(4)—C(2) -168.8 O(14)—C(3)—C(4)—C(2) -152.1 O(14)—C(3)—C(2)—C(4) -157.9
O(16)—C(4)—N(5)—C1)  178.7 O(16)—C(4)—C(3)—N(5) 146.57 O(16)—C(4)—C(3)—N(5) -179.0 O(16)—C(4)—N(5)—C(3) -175.5
O(17)—C(4)—C(3)—N(5) -166.2 O(17)—C(4)—C(3)—N(5) —150.6 O(17)—C(4)—C(3)—N(5) -173.4 O(17)—C(4)—C(3)—N(5) -170.7
N(18)—N(5)—C(4)—C(1) 169.1 O(19)—C(4)—N(5)—C(1) -146.6
H(20)—C(1)—N(5)—C(4) -165.9 O(20)—C(1)—N(5)—C(4) -146.2
Note: Bond lengths in Angstroms; torsional angle in degrees.
3.2 EMK FFAR T AR AR LE, TNP AR R 3222/ T 2 k) - mol ™

R2HWTIFAMGE B FRER E (B3LYP/
6-311++G" ") , &5 fE ZPE(B3LYP/6-311++G" "),
IS 4% F H (B3LYP/6-31G" ),

TNP MTNP ATNP FI PNP A= i 4% 6931218 55 7k
175.6,193.3,303.9 k) - mol ™ F1341.7 k) - mol™ , 5=
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Table 2 Calculated E,, ZPE, HOF and experimental gas

phase heats of formation for compounds

compound  Ey/a.u. ZPE/a.u.  H;/a.u. HOF/kJ + mol™
CH, —40.5339 0.044337  0.002864  —74.6/%]

NH, -56.5825 0.033864  0.002858  —45.9[%]
CH,NO, —245.0915 0.049261  0.004312  -80.8[%]
CH,NH, -95.8937 0.063190  0.003377  -22.51%)

Pyrrole -210.2305 0.081024  0.004003  108.2"%7)

TNP -1028.4200 0.090586  0.014185  175.6(176.11%¢))
MTNP -1067.7330 0.118333  0.015879  193.3

ATNP —1083.7491 0.106957  0.015490  303.9

PNP -1232.9088 0.090664  0.017336  341.7(343.10%¢7)

Note: 1) The correction factor of ZPE is 0.9806[23); 2) Eyis total electron
energy; ZPE is zero point energy; H; is thermodynamic correction;

HOF is heat of formation.
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1.88 g - em™ 5 3CHR[ 22 J4RIE A S E (1.83 g+ em™)
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15 31 5 52 Bk T Y %% BE(E

HH 22 3 i A A1, PNP & pU A Ak & 4 o — B IE
FOP & BRI A, X AT AT PNP BT 43 R IR
YRR s X T 3 R B W AE SO 55 R 2 2 o
NoF FHAR R S 2 A R R e, TNP 2 H AT e 4F
RN A, T MTNP B F H 35X —JE & 6k
PR AAAE BRI T 5 7 % Bl RE B K P ik, Al
UL, MTNP fig & PERE RS 22 T RDX, HAth =F b & W34
=T RDX, 5 HMX #HY4 . ] WA B 5 i 1 /9 1 Fh 4k

3.3 ZEMBEZRMRE L A N \ . .
EfRE R ¥ Er AL A, OF LR E T SOk [ 22 B9 B
SRS YL RDX HMX {1 2% BF Fl 3= 32 " N o o
BORTLE DIELI RDX AN HMX WS RCRE R g iaga 34,500 300 8 15 & B 6.
F 3 BEELLAY K RDX FH HMX 1 fig S50
Table 3 The properties for model compounds, RDX and HMX
compound M/g - mol™ OB/% p/g - cm™ Q/kcal - g™ D/km - s p/GPa
TNP 247 -3.24 1.96 1.39 9.14 38.95
MTNP 261 -21.46 1.88(1.83)22 1.34 8.66 34.10
ATNP 262 —6.11 1.93 1.21 9.01 37.54
PNP 292 +10.96 2.04 1.02 9.01 38.73
RDX 222 -21.62 1.7803%0(1.82) 2] 1.250390(1.27) 2] 8.863°1(8.75)12)  34.230%°1(34.70)%]
HMX 296 -21.62 1.9003%7(1.92) 2] 1.250397(1.27)20 9,100 (8.96) 1?1 39.401%°(35.96)[?]

Note: M is molar mass; OB is the oxygen balance; p is molecular density; Q is explosion heat; D is detonation velocity; p is detonation pressure.
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il 2 HEL o7 R AT R T BB i M LB 22 AE Gpoomo o H
2% 4 A, TNP B & B (0.16274 a.u. ) ,ATNP
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X B RS TR ) R R R B R R A 80k
R o MRS AL monomo 46 T BE M9 B2 A€ 1
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XA EAE A W, C—NO, fil N—NO, i # /& 53
T i AN R 1Y B, BRI o fR AR A L C—NO, 1§
N—NO, 8 1h., £ 4 FEK S5 B T &0 F 1
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el iE s ¥ N =l (U TLE YR b - X (7|
S i ey R B, A RS ) o P U X DY AL A
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Table 4

The total nitro charge and frontier orbital energies

and their gap of the model compounds

compound bond TNP MTNP ATNP PNP
C(1)—NO, -0.379  -0.403 -0.18  -0.195
C(2)—NO, -0.337 —0.306 -0.173 -0.129
Quo, C(3)—NO, -0.337  -0.187  -0.1M -0.129
C(4)—NO, -0.379  -0.153 -0.232  -0.195
C(5)—NO, 0.297
HOMO/ a. u. -0.32378  -0.30933 -0.30153 -0.32445
LUMO/a. u. -0.16192  —0.14659 —0.15583 -0.16327
AE y0.Hom0 / @- U. 0.16186  0.16274 0.14570 0.16118

e
P
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i
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Table 5 Mulliken charges on selected atoms of model molecules
atom TNP atom MTNP atom ATNP atom PNP
N(6) 0.360 N(6) 0.3612 N(6) 0.500 N(6) 0.499
o(7) ~0.387 o(7) -0.396 o(7) ~0.381 o(7) -0.376
0(8) -0.352 0(8) -0.369 0(8) -0.305 0(8) -0.317
N(9) 0.351 N(9) 0.3747 N(9) 0.514 N(9) 0.517
0(10) ~0.349 0(10) ~0.337 0(10) ~0.347 0(10) ~0.331
o(11) ~0.338 o(11) ~0.343 o(11) ~0.340 o(11) -0.316
N(12) 0.351 N(12) 0.514 N(12) 0.521 N(12) 0.517
0(13) -0.349 0(13) -0.350 0(13) -0.321 0(13) -0.315
O(14) ~0.338 0(14) ~0.352 0(14) ~0.310 0(14) ~0.331
N(15) 0.360 N(15) 0.497 N(15) 0.450 N(15) 0.500
O(16) -0.387 O(16) -0.348 O(16) -0.402 O(16) -0.376
0(17) -0.352 0(17) -0.302 0(17) -0.328 0(17) -0.318
N(18) 0.699
0(19) -0.201
0(20) -0.201
|6 WIRLAL Wy Y B 2 BRE A R
Table 6 Wiberg bond orders (BO) and BEDs of model compounds
TNP MTNP ATNP PNP
BDE
bond BO /4 - mol” bond BO I/BBE mol-’ bond BO EBE mol bond BO I/BBE mol-’
N(5)—H(18) 0.711  452.6 N(5)—C(18) 0.913  347.9 N(5)—N(18) 1.043  271.56 N(5)—N(18) 0.588 60.8
C(1)—N(6) 0.953  262.1 C(1)—N(6) 0.971  245.7 C(1)—N6) 0.948  257.5 C(1)—N(6) 0.951  1043.2
C(2)—N(9) 0.916  254.2 C(2)—N(9) 0.893  252.9 C(2)—N(9) 0.941  258.7 C(2)—N(9) 0.911 249.5
C(3)—N(12) 0.916  254.2 C(3)—N(12) 0.951  252.9 C(3)—N(12) 0.896  251.8 C(3)—N(12) 0.911 249.5
C(4—N(15) 0.953 262.1 C(4)—N(15) 0.912 245.7 C(4)—N(15) 0.987 257.5 C(4)—N(15) 0.951 1043.2

o 7R M SRR E MELF IR AR A B I R TR A o
B BT, BT A2 B BT 7 AT BB /N, R R e
AR U I W 52 i 2 T 2 R, B TR ) 2, i
WZ AR . 3% 6 9 TG4 NBO 4i#rit s
F1Yy Wiberg #8:2% #11 BDEs, M3 6 nJ LA H 5 PNP 4h,
TNP .MTNP F1 ATNP [ BDEs ¥ F 120 kJ - mol™ |
R AL BB RS H G PR B BOR (T REAL B W) A
i B P ERk y BDE KT 80 k) + mol™ & BEfb &
Yy # sk BDE & F 120 kJ - mol™'™ ) i PNP
N(5)—NO, & fi# &2 60.8 k) - mol™ | 1] Uiz i & 1
AE&SE 5 JF B PNP th N—NO, # 2% It C—NO, 1y
BDE /v, iX 5l H Ik Y N—NO, 8 C—NO, B A fi
FESE— K., BIE BDE B K/, k& WA E
Al BE A . TNP>ATNP>MTNP>PNP, % 45
SREAME G W5y T A B — A ek, I
W ST, 72 TNP R ATNP 43 1 o 77 78 55 10 43 1
DA AR (45 TNP FT ATNP 40 7 H A5 45 5 10 34
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(1)7E TNP 5 ATNP 4 N—H - O 4+ N &
i, IF HATE SR & R TNP g3 P 8] I 38 A7 72— F
B C---O MHEAE R, X 22 55 1 43+ P AH BAE T
FATEMEAS TNP 5 ATNP BAT B i R e Pk

(2) 75453 TNP MTNP ATNP F1 PNP {b &1 %
594 1.96,1.88,1.93 g - cm™ f12.04 g - cm ™, X
538 H N AR 5] A RE IS 5 S BRI B W R —
H .

(3) 11515 5] TNP MTNP ATNP F1 PNP ft. &)
M A B kG 4y Wk 175.6,193.3,303.9 k) mol™ fI
341.7 k) mol™,

(4) 1H5A558] TNP MTNP ATNP Fil PNP k5911 4%
HAIHIN: 9.14,8.66,9.01 km + s F19.01 km - s ;
JE43 54 38.95,34.10,37.54 GPa #i138.73 GPa,T]
UL MTNP BA 5 RDX A 24 5 % P g, TNP FiI ATNP
A fe A A 2017 4

%2545 H4 (291-297)
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Theoretical Study on Structure and Properties of Tetranitropyrrole and Its Derivatives

LI Yun-lu, LIU Tian-ying, CAO Duan-lin, WANG Jian-long
(School of Chemical Engineering & Environment North University of China, Taiyuan 030051, China)

Abstract. In order to search new high-energy density materials, 2,3,4,5-tetranitropyrrole (TNP) and its methyl-, amino-, nitro-
substituted derivatives were designed. Their structures were optimized at the DFT-B3LYP/6-31G " level. Heats of formation, deto-
nation properties were calculated at the DFT-B3LYP/6-311++G "~ level. Nature Bond Orbital(NBO) analysis was carried to un-
derstanding the strength of trigger bond and further to access the thermal stability of the model compounds. The calculated results
are as follows: the density, detonation velocity and detonation pressure of 1-methyl-2,3 4 5-tetranitropyrrloe are 1.88 g - cm™,
8.66 km - s and 34.10 GPa, respectively, which is comparable to the detonation properties of 1,3 ,5-trinitro-1,3,5-triaza-cyclohexane
(RDX). The densities of 2,3 ,4,5-tetranitropyrrole and 1-amino-2,3 ,4 ,5-tetranitropyrrole are 1.93 g - cm™ and 2.04 g - cm™ , respec-
tively; the detonation velocities are both 9.01 km - s™', and detonation pressures are 37.54 GPa and 38.73 GPa, which suggests
that the detonation properties of TNP and ATNP are both comparable to that of 1,3,5,7-tetranitro-1,3,5,7-tetraza-cyclooctcme
(HMX). With containing five nitro groups, the BDE of nitro group N(5)—NO, is 60.8 k] - mol™', suggesting that pentanitropyr-
role has the poorest thermal stability in all five model compounds. The calculated results and previous experimental work agree
reasonably well one another, showing values in this paper are reasonable.

Key words: tetranitropyrrole; detonation performances; thermal stability; heat of formation; density functional theory( DFT)
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