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Molecular Design of High Energy Density Materials with
Bis(3,4,5-substituted-pyrazolyl)methane Derivatives
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Abstract A series of bis(3,4,5-substituted pyrazolyl)methane derivatives were designed as candidates of high energy density
materials (HEDMs). The heats of formation (HOFs), electronic structure, energetic properties and thermal stabilities were
studied using density functional theory (DFT) method. The difluoroamino groups could increase energy gaps of electronic
structure, density and detonation properties among the title compounds. Bis[3,5-bis(difluoroamino)-4-nitropyrazolyl|methane
(C,) had excellent properties of potential HEDM. Its crystal density (p, 2.11 g/cm®) and impact sensitivity (hso, 6.8 J) were
even higher than those of hexanitrohexaazaisowurtzitane (CL-20), meanwhile its detonation velocity (D, 9.80 km/s) and
detonation pressure (P, 46.62 GPa) were very close to CL-20.

Keywords bis(3,4,5-substituted pyrazolyl)methane derivatives; high energy density materials; density functional theory;
heats of formation; detonation properties; bond dissociation energy

structure design and property modification of its deriva-
tives.?>?®! But most attempts only brought about lower
oxygen content and energetic performance *=" or higher
sensitivity.*?!

1 Introduction

High-energy density materials (HEDMs) have attracted
considerable attention in recent years.'"®) N-Heterocycle-

based energetic materials were promising candidates for
HEDMs and had drawn much attention for its high nitrogen
content,””'” heat of formation (HOF)!"'"'*) and high densi-
ty.l'""®1 The synthesis of 3,4,5-trinitro-1H-pyrazole (TN-
P)!'" provided us a promising HEDM which exhibited fa-
vorable stability (Ty.=>200°C), excellent detonation prop-
erties (D=9253 m/s, P=38.6 GPa) and good oxygen bal-
ance (+19.69%). However, the presence of a highly acidic
NH proton (pK,=2.35) affected its practical use as an en-
ergetic material, which promoted the developments about

* Corresponding author. E-mail: wangwj@sioc.ac.cn

Recently, Fischer et al.**) had synthesized two secondary
explosives (as shown in Figure 1) with the structure of
bis(3,4,5-substituted pyrazolyl)methane. Bis(4-amino-3,5-
dinitropyrazolyl)methane (BADNPM) had a high decom-
position temperature at 310 ‘C with enhanced detonation
parameters in comparison to those of hexanitrostilbene
(HNS). Bis(3,4,5-trinitropyrazolyl)methane (BTNPM) had
a crystal density of 1.934 g/cm’. It decomposed at 205 °C,
and its experimental impact, friction and electrostatic dis-
charge sensitivity were 4 J, 144 N and 0.1 J, respectively. Its
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theoretical detonation pressure and detonation velocity were
39.1 GPa and 9304 m/s, respectively. The detonation ve-
locity estimated by the LASEM method was 9910 m/s,
which was approximately equal to that of hexanitrohex-
aazaisowurtzitane (CL-20). The structure of bispyrazol-
ylmethane provided an efficient approach to avoid the
highly acidic NH proton and increase the energetic proper-
ties without decrease the stability of TNP. Therefore, the
need to do further studies on the molecular design, property
prediction and synthesis of bispyrazolylmethane derivatives
became so urgent.

Structural modifications could manipulate the properties
of most compounds. The optimization of the candidates
with high energy and less sensitivity was the primary step
for design and synthesis of new energetic materials.** By
using theoretical methods based on quantum chemical
treatments, structure optimization and property prediction
of novel energetic materials could be provided without
dangerous and expensive experimental tests.”>*% In this
paper, we reported a systematic study of the heats of for-
mation (HOFs), energetic properties, and thermal stability
of a series of bis(3,4,5-substituted pyrazolyl)methane de-
rivatives with different substituents (ONO,, NO,, NF,, N3,
N(NO,)CH; and NH,) by using density function theory
(DFT).

O,N NO, O,N NO,
=N N= —N  N=
N__N )
H,N NN NH, O,N NN A NO,
NO, NO, NO, NO,
BADNPM BTNPM

Figure 1 Structures of bis(4-amino-3,5-dinitropyrazolyl)-
methane (BADNPM) and bis(3,4,5-trinitropyrazolyl)methane
(BTNPM)

2 Computational methods

The calculations were performed at B3LYP/6-311G+ +
(d,p)"™ and B3PW91/6-31G(d,p)"**! level for different sit-
uations by Gaussian 09 package."*” The optimizations were
performed without any symmetry restrictions, using the
default convergence criteria in the program. All the opti-
mized structures were characterized to the true local energy
minima on the potential surface without imaginary fre-
quencies. The total energy, zero-point energy and thermal
correction were calculated with vibration frequencies
analysis. Multiwfn program!* was used to calculate the
volume and surface electrostatic potential.

Figure 2 presented the molecular frameworks of a series
of bis(3,4,5-substituted pyrazolyl)methane derivatives. On
the basis of the 3,5-substituted energetic groups, the com-
pounds could be divided into six series.

Isodesmic reactions could be employed to calculate
HOFs using total energies obtained from ab initio calcula-
tions.!*'**) Herein, isodesmic reactions were designed in
which the numbers of all types of bonds were invariable.
Scheme 1 presented the isodesmic reactions used to obtain
the HOFs of title compounds and Eq. (1) could be used
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A1:R'=R?=0NO, B1: R' = NO,, R? = ONO,
A2: R' = ONO,, R? = NO, B2: R'=R?=NO,

A3:R' = ONO,, R? = NF, B3: R' =NO,, R? =NF,
A4:R'=0ONO,, R? = N3 B4:R'=NO, R?>=N;

A5: R' = ONO,, R? = N(NO,)CH;  B5: R' = NO,, R? = N(NO,)CH3
A6: R = ONO,, R? = NH, B6: R = NO,, R? = NH,

C1: R' = NF,, R? = ONO, D1: R' = N3, R> = ONO,

C2: R' = NF,, R?=-NO, D2: R' = N3, R2=NO,
C3:R'=R%2=NF, D3: R' = N3, R? = NF,
C4:R'=NF,, R2= N, D4:R'=R%=N;,3

C5:R" = NF,, R2=N(NO,)CH;  D5: R" = N3, R2 = N(NO,)CH;
C6: R' = NF,, R2=NH, D6: R' = N3, R? = NH,

E1: R'= N(NO,)CH3, RZ=ONO, F1: R = NH,, R? = ONO,
E2:R"=N(NO,)CH;, R”Z=NO,  F2:R' = NH,, R2=NO,
E3:R"'=N(NO,)CH;, R”* =NF,  F3:R"=NH,, R?=NF,
E4: R" = N(NO,)CH3, R? = N3 F4: R" = NH,, R2= N,
E5: R' = R? = N(NO,)CH;3 F5: R = NH,, R = N(NO,)CH,
E6: R"=N(NO,)CH;, R* =NH,  F6:R'=R2=NH,
Figure 2 Molecular frameworks of bis(3,4,5-substituted pyra-
zolyl)methane derivatives

to calculate the heats of reactions AH,qg at 298 K.
AH29s:AHf,P_AHf,R (1)

Where AH;p and AH;g are the HOFs of products and reac-
tants at 298K, respectively.

R R

1
=N " +6CH4 +2NH; —= 2 /N\NH +
R2 NN N\/N Vs R2 ~
R1

R1
4CH3R" + 2CH3R? + 2NH,CH,NH,

Scheme 1 Isodesmic reaction used to obtain the HOFs of title
compounds

The experimental HOFs of reference compounds CHy,
NH}, pyrazol, CH}ONOQ, CH3N02, (CH})zNNOQ and
CH;NH, were available, while the HOFs of CH;NF, and
CH;Nj; were calculated by Ju et al* As the experimental
HOFs of NH,CH,NH, were unavailable, G, theory[45’46] was
used to calculated the accurately value of AH: by the at-
omization reaction C,H;N,—aC(g)+ bH(g)+ ¢N(g). The
value of AH,qg could be also calculated via Eq. (2).

AHyg3=AE 03+ A(PV)=AEy+AEzps+AEr+AnRT  (2)

Where AE, is the change in total energy between the
products and the reactants at 0 K, AEpg is the difference
between the zero-point energies (ZPE) of the the products
and the reactants at 0 K, AE is the thermal correction from
0 K to 298 K. For the isodesmic reaction in this calculation
process, An=0, so A(PV)=0.

The calculation of detonation properties for most ener-
getic compounds required solid-phase HOF (AHoi4) since
their condensed phase was solid. According to Hess’s low

of constant heat summation*’! and Politzer’s research[48’49],

http://sioc-journal.cn/ 1363
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AH 14 could be calculated via Eqgs. (3) and (4).

AH, .. —AH.

f,gas

- AI_Isub (3 )

f,solid

AH ,=aA*+b(vol )" +c 4

Where AH; g, is the gas phase HOF, AHy,, is heat of sub-
limation, A is the surface area of the 0.001 electrons/bohr’
isosurface of the electronic density of the molecule (A?), v is
the balance of charges between positive potential and neg-
ative potential on the isosurface, vmm2 is a measure of the
variability of the electrostatic potential on the molecular
surface [(kcal/mol)*]. The coefficients @, b and ¢ were re-
ported by Rice et al.: a=2.670X10"* kcal/(mol*A*), b=
1.650 kcal/mol and ¢=2.966 kcal/mol "',

Kamlet-Jacobs equations were used to estimate the det-
onation velocity and pressure”®! [Egs. (5) and (6)]. And the
theoretical density could be obtained from the equation [Eq.

(7)] proposed by Polizer er al®.
D=1.01(NM " 0"*)"*(14+1.30p) 5)
P=1.558p*NM Q" (6)
M
=a(——)+ pvo’ +
P (V(0.00I)) Pvogty (7

Terms in Eq. (5) to Eq. (7) are defined as follows: D,
detonation velocity (km/s); P, detonation pressure (GPa); N,
moles of detonation gases per gram explosives; M, average
molecular weight of the gases; O, heat of detonation (J/g); p,
loaded density of explosives (g/cm’); M, molecular mass
(g/mol); ¥(0.001), volume of the 0.001 electros/bohr® con-
tour of electronic density of the molecule (cm’/mol). The
values of a, f and y in Eq. (7) are 0.9183, 0.0028 and
0.0443, respectively.

The impact sensitivity (4so, cm) was defined as the height

from which there is a 50% probability of causing an explo-
sion. Impact sensitivity is generally reported either as the
height in cm, designated /5, or as the corresponding impact
energy in J. With a 2.5 kg mass, an /sy of 1 cm is equivalent
to an impact energy of 0.245 J. The greater the value of /s
or the impact energy, the less is the sensitivity. Eq. (8)
presented a simple method to estimate the /s, of energetic
compounds.”*?)

hy,=ac’+pvt+y (®)

Where o7 is the strengths and variabilities of the positive
surface potentials, v is the degree of balance between the
positive and negative potential on a molecular surface. The
values of a, f and y in Eq. (8) are —234.83, —3.197 and
962.0, respectively.

The bond dissociation energy (BDE) could reflect the
strength of bonding, which is fundamental to understand
chemical processes.”* The BDE and BDE with ZPE cor-
rection of reaction A-B(g)—A+(g)+Be(g) at 298 K and 101

kPa were given in terms of Eqgs. (9) and (10)‘[55,56]
BDE((A—B)=E((A*)+Ey(B*)—Ey(A—B) )
BDE(A—B); =BDE; (A—=B) T ALy, (10)

Where AEzpg is the difference between the ZPEs of the
products and the reactions.

3 Result and discussion

3.1 Heats of formation

Table 1 presented the calculated total energy (Ey), ze-
ro-point energies (ZPE), thermal corrections (Ht) and heat
of formation (HOF) of the reference compounds in the
isodesmic reactions at B3LYP/6-311++G(d,p) level.
Table 2 showed the calculated E,, ZPE, Hy, molecular
properties, heat of sublimation and HOFs of the title com-

Table 1 Calculated total energy (Ey), zero-point energies (ZPE), thermal corrections (Ht) and heat of formation (HOFs) of the reference

compounds at B3LYP/6-311++G(d,p) level

Compound Ey/au. ZPE“/a.u. Hy“/(kJsmol ") HOF/(kJemol ")
CH,4 —40.4894 0.04365 9.61 —74.60°
NH; —56.5485 0.03357 9.62 —45.94
pyrazole —226.1950 0.06955 11.83 179.40°
CH;NF, —294.2638 0.04564 13.14 —115.23¢
CH;0NO, —320.2390 0.05292 15.00 —124.40"
CH;NO, —245.0420 0.04864 13.35 —74.30°
CH;N; —204.1033 0.04908 13.64 296.54¢
(CH;),NNO, —339.6683 0.09274 19.26 —0.84°
CH;NHNO, —300.3781 0.06569 15.48 —12.48
CH;NH, —95.8301 0.06251 11.05 —22.50°
NH,CH,NH, —151.1839 0.08030 13.59 —4.98

“The scaling factors for ZPE and Hr were 0.98 and 0.96, respectively;"®” ? Experimental values taken from reference [58];° Calculated values taken from reference
[43]; ¢ Calculated values taken from reference [44]; ¢ Experimental values taken from reference [59]; /Calculated value by G2 theory from the atomization reaction

CHgN,—C(g)+6H(g)+2N(g).
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Table 2 Calculated E,, ZPE, Hy, molecular properties, heat of sublimation and HOFs of the title compounds at B3LYP/6-311+ +G(d,p)

level
Compd.  Eya.u. ZPE/au. Hy/(kJemol ") AHig /(kJemol ") A/A* vo, /(kcalsmol ') AH,/(kJemol ') AHjyiq/(kJemol ')

Ay —2169.0157  0.1791 84.13 —87.18 424.46 12.96 238.53 —325.71
A, —2018.6122  0.1736 76.65 125.94 384.68 32.38 217.00 —91.06
Ay —2117.0472  0.1660 79.59 65.82 396.46 13.45 213.32 —147.50
Ay —1936.7647 0.1734 78.85 787.91 404.34 13.54 220.45 567.46
As  —2207.8787  0.2600 91.78 234.95 450.98 34.74 280.30 —45.35
A¢  —17202454  0.1987 74.36 75.27 381.23 22.26 207.34 —132.07
B, —1868.1698 0.1667 70.79 355.02 369.74 25.77 200.18 154.84
B, —1717.7397 0.1598 65.00 551.87 344.85 21.07 176.95 374.92
B;  —1816.1807 0.1534 66.19 477.39 339.44 22.17 173.63 303.76
B, —16359118 0.1616 64.71 1165.13 352.40 31.31 189.77 975.36
Bs  —1907.0315 0.2477 78.09 596.35 399.47 30.01 228.50 367.85
By  —1419.4344  0.1897 56.59 346.20 312.35 33.61 161.42 184.78
C,  —2065.0572 0.1529 75.19 191.29 371.34 10.33 188.64 2.65

C, —1914.6306 0.1468 68.41 380.06 340.56 28.13 178.59 201.47
C;  —2013.0788  0.1398 70.91 286.41 343.25 8.39 164.03 122.38
C, —1832.8043 0.1476 69.57 987.94 357.72 14.35 181.51 806.43
Cs  —2103.9188 0.2337 83.28 433.14 410.32 35.56 241.66 191.48
Ce  —1616.2958 0.1744 63.02 248.83 318.57 21.59 157.86 90.97

D,  —1704.5053 0.1687 73.37 1603.34 402.93 17.89 222.98 1380.36
D, —1554.0978 0.1638 64.83 1743.36 363.90 39.82 203.91 1539.45
D;  —1652.5408 0.1560 67.98 1661.92 367.00 21.35 194.77 1467.15
D, —1472.2283 0.1641 67.26 2464.62 381.76 16.94 203.63 2260.99
Ds  —17433653  0.2505 80.14 1850.71 435.51 34.07 264.59 1586.12
Dy  —1255.7022 0.1915 60.86 1773.44 347.60 31.87 186.36 1587.08
E,  —2246.7313 03417 98.22 501.15 480.68 30.70 308.78 192.37
E, —2096.3249 0.3356 91.55 637.00 439.98 3791 271.17 365.83
E;  —2194.7655 0.3281 94.10 562.05 445.14 36.38 275.41 286.64
E, —2014.4773 03365 92.86 1301.22 464.30 3427 293.65 1007.57
Es  —2285.5945 0.4233 104.53 739.13 486.77 33.94 317.33 421.80
E¢  —1797.9528  0.3647 84.80 606.28 409.62 37.80 242.30 363.98
F,  —1271.4719 02219 61.06 167.91 324.41 41.74 174.58 -6.67

F, —1121.0935 0.2190 50.18 234.44 284.01 57.28 154.77 79.67

F;  —I1219.5116 0.2106 54.19 217.66 288.45 32.37 144.64 73.02

F,  —1039.1850 0.2189 53.70 1058.14 303.47 27.76 151.66 906.48
Fs  —13103131  0.3047 66.55 465.98 356.54 46.93 201.71 264.27
F —822.6494  0.2473 45.51 392.73 267.19 32.14 131.30 261.43

pounds. The D-serie and X, (X=A, B, C, D, E, F) had the
obvious highest HOFs among the series and the title com-
pounds in each series, respectively. The substitution of
azido group enhanced the HOF values of the title com-
pounds extremely. More clear evidences about the effects
of the different substituents on AHgg,s and AHggliq Of the
title compounds were presented in Figure 4. The variation
of AH; g, behaved the similar trend with AH; ¢ General-
ly, the azido group was very useful to improve the HOFs of
energetic materials.

Chin. J. Org. Chem. 2019, 39, 1362~1371
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3.2 Electronic structure

Table 3 presented the calculated highest occupied mo-
lecular orbital (HOMO), lower unoccupied molecular or-
bital (LUMO) energies and energy gaps (AELymo-nomo) of
the title compounds at B3LYP/6-311 + + G(d,p) level.
Figure 5 showed the effects of different substituents on
AE1 ymo-nomo of the title compounds. For most series, the
substitution of NF, increased the LUMO-HOMO gaps ex-
cept for B serie. This indicated the incorporation of NF, into

http://sioc-journal.cn/ 1365
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Figure 4 Variation of AH} g, and AH 4 0f the title compounds
Table 3 Calculated HOMO and LUMO energies and energy gaps (AELumo-nomo) of the title compounds at B3LYP/6-311+ +G(d,p)

level
Compd. Enomo/a.u. Eiumo/au.  AEumo-nomo/a.u. Compd.  Epomo/a.u. Eumo/a.u. AE} umo-nomo/a.u.
Ay —0.2933 —0.1387 0.1546 D, —0.2617 —0.1133 0.1484
A, —0.3155 —0.1558 0.1597 D, —0.2760 —0.1236 0.1524
Az —0.3068 —0.1455 0.1613 D; —0.2668 —0.0934 0.1734
Ay —0.2643 —0.1411 0.1232 D, —0.2440 —0.0808 0.1632
As —0.282 —0.1361 0.1459 Ds —0.2594 —0.0883 0.1711
Ag —0.2386 —0.1392 0.0994 D¢ —0.2390 —0.0727 0.1663
B, —0.3327 —0.1672 0.1655 E, —0.2846 —0.1126 0.1720
B, —0.3453 —0.1765 0.1688 E, —0.2985 —0.1360 0.1625
B; —0.3389 —0.1740 0.1649 E; —0.2974 —0.1074 0.1900
By —0.2981 —0.1588 0.1393 E,4 —0.2590 —0.0964 0.1626
Bs —0.3145 —0.1631 0.1514 Es —0.2808 —0.1006 0.1802
Bs —0.2783 —0.1398 0.1385 E¢ —0.2404 —0.0898 0.1506
C, —0.3210 —0.1299 0.1911 F, —0.2266 —0.1031 0.1235
C, —0.3342 —0.1494 0.1848 F, —0.2375 —0.0930 0.1445
Cs —0.3380 —0.1356 0.2024 F; —0.2330 —0.0478 0.1852
Cy —0.2840 —0.1175 0.1665 Fy —0.2120 —0.0477 0.1643
Cs —0.3118 —0.1191 0.1927 F5 —0.2245 —0.0645 0.1600
Cs —0.2621 —0.0952 0.1669 Fs —0.1973 —0.0222 0.1751

ONO,, N;, N(NO,)CH; and NH,-substituted compounds
would decrease the reactivity, while the grows within a
narrow range when the incorporation of NF, into NO, sub-
stituted compounds. However, the LUMO-HOMO gaps
were suggestive of reactivity only as approximation. In all,
C; had the highest value of AE|ymo.nomo among the title
compounds.

3.3 Detonation properties

Table 4 listed the calculated density, molecular and det-
onation properties and impact sensitivity of the title com-
pounds at B3PW91/6-31G(d,p) level. Figure 6 presented the
effects of different substituents on p(a), D(b), P(c) and
hso(d) of the title compounds.

The substitution of NF, increased and had the highest
values of p, D and P for almost all series of title compounds
except for F;. F3 had a little lower value of p comparing

1366 http://sioc-journal.cn/
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with F,. This indicated that NF, group could be the most
useful energetic substituents for improving the calculated
density and detonation properties of bis(3,4,5-substituted
pyrazolyl)methane derivatives. The predicted values of p,
D, P and h5, for B, and B¢ were close but little lower than
the values given in Ref. [33]. The data of /5, had a middle
fluctuation, and its distribution was not regular.

C; had the higher p and D than CL-20. But /5y of C; is
too low which indicated its high impact sensitivity. Bis[3,5-
bis(difluoroamino)-4-nitropyrazolyl]Jmethane (C,) had rela-
tively good crystal density (p=2.11 g/cm®) and detonation
properties (D=9.80 km/s, P=46.62 GPa) and impact sen-
sitivity (59, 6.8 J) which showed it could be used as poten-
tial energetic material. Meanwhile, the calculated values of
AHj 1 from Table 2 also showed that C, was more suitable
than C; as a potential candidate for high energy density
materials.

Chin. J. Org. Chem. 2019, 39, 1362~1371
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Figure 5 Effects of different substituents on AE| yymo.nomo of the title compounds

Table 4 Calculated uncorrected density (4/1(0.001)), corrected density (crystal density), detonation velocity (D), detonation pressure
(P), molecular properties and impact sensitivity (%so) of the title compounds at B3PW91/6-31G(d,p) level

M/V(0.001) Vool! Crystal density/ - . s
Compd. 5 13 — Q/(Jeg ") D/(kmes ) P/GPa % 13 hso/J
(geem °)  (kcalemol ') (geem °) (kcalemol ")

Ay 2.00 10.87 1.91 1241.5 8.56 33.63 0.07068 174.30 3.1
A, 1.99 29.23 1.95 1440.2 9.00 37.62 0.1544 186.33 8.0
Az 2.06 10.96 1.97 1574.1 9.35 40.84 0.06361 197.50 2.6
Ay 1.90 12.71 1.82 1498.8 8.60 33.06 0.1053 131.10 52
As 1.88 30.58 1.86 1452.5 8.69 34.15 0.2069 131.76 11.2
Ag 1.86 20.95 1.81 1338.4 8.34 30.96 0.1033 224.28 4.9
B, 1.98 22.78 1.93 1568.7 9.07 38.04 0.1140 213.63 5.6
B, 1.96 20.01 1.90 (1.934)° 1589.6  8.91(9.30)" 36.37 (39.10)* 0.0708 310.49 2.9 (4.0)"
B; 2.07 24.81 2.01 1621.7 9.39 41.67 0.0948 283.11 43
B, 1.89 31.46 1.87 1511.7 8.61 33.60 0.1754 171.44 9.3
Bs 1.86 28.02 1.83 1460 8.44 31.95 0.1579 173.27 8.2
Bs 1.85 33.51 1.84 (1.80)" 1263.8  8.11(8.33)" 29.58 (29.60)" 0.1946 159.93 10.4 (11.0)*
C, 2.14 9.85 2.04 1623.1 9.63 44.20 0.06503 177.16 2.7
C, 2.15 32.33 2.11 1635.3 9.80 46.62 0.1355 236.97 6.8
Cs 2.24 10.84 2.13 1660.3 9.95 48.30 0.05897 214.98 2.3
C, 2.04 14.04 1.96 1565.1 9.08 38.44 0.1059 142.69 52
Cs 1.99 33.46 1.97 1505.3 9.05 38.26 0.2098 137.07 11.4
Cs 2.01 25.08 1.96 1387 8.78 35.95 0.1162 226.53 5.7
D, 1.80 16.43 1.74 1434.4 8.08 28.36 0.1524 116.70 8.0
D, 1.80 34.67 1.79 1409.2 8.09 28.96 0.2329 120.00 12.7
D; 1.87 18.02 1.81 1447.2 8.26 30.38 0.1679 107.79 8.9
D, 1.69 17.42 1.65 1370.7 7.60 24.30 0.1796 97.07 9.6
Ds 1.69 29.77 1.68 1325.9 7.58 24.42 0.2488 83.07 13.7
D¢ 1.63 35.34 1.64 1108.3 7.36 22.68 0.2177 145.08 11.8
E, 1.78 28.42 1.76 1376.9 8.12 28.86 0.2039 123.07 11.0
E, 1.77 37.35 1.77 1360.9 8.05 28.45 0.2101 146.56 11.4
E; 1.82 3591 1.82 1387.7 8.28 30.60 0.2198 132.26 12.0
E, 1.70 31.25 1.69 1315.6 7.64 2491 0.2350 101.70 12.9
Es 1.71 31.10 1.70 1304.6 7.69 25.33 0.2421 94.06 133
Eq 1.65 34.89 1.66 1158.2 7.35 22.79 0.2305 120.05 12.6
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Continued
M/V(0.001) Vool! Crystal density/ . . o2/

Compd. - - - /(Je D/(kme P/GP - hso/J
omp (geem ™) (kcalemol ') (gecm ) Qg ) (kmes ) a v (kcalemol ') %0
F, 1.70 30.21 1.69 1012.8 7.19 22.06 0.1717 177.81 9.0
F, 1.69 54.42 1.75 839.1 7.01 21.44 0.2380 175.27 13.0
F; 1.77 25.95 1.74 997.1 7.19 22.44 0.1540 183.70 8.0
F, 1.56 30.90 1.56 746.4 6.62 17.74 0.1886 169.15 10.0
F; 1.58 48.53 1.63 826.2 6.87 19.68 0.2425 150.43 13.3
Fs 1.45 38.57 1.48 262.2 5.05 9.97 0.2462 122.18 13.5
RDX’ — — 1.80 — 8.76 34.7 0.1563 200.86 8.1
HMX® — — 1.91 — 9.10 39.6 0.1423 189.76 7.4
CL-20° — — 2.04 — 9.66 48.3 0.0713 333.71 2.9

“Calculated values taken from Ref. [22]; ® Calculated values taken from Ref. [60].
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Figure 6 Effects of different substituents on p (a), D (b), P (c) and ks, (d) of the title compounds
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3.4 Thermal stability

Table 5 presented the BDEpg of relatively weak bonds
for the title compounds at B3LYP/6-311++G(d,p) level.
All of the O-NO, bonds had the value of BDE pr under 32
kJ/mol, which indicated that this energetic group could not
be designed and put into the structures of bis(3,4,5-
substituted pyrazolyl)methane. However, O-NO, bonds

could be relatively stabilized by NO, groups and the O-NO,
bond in B; had the highest value of BDEzpg. The second
weakest bond belonged to N—NO,. These indicated that
ONO, and N(CH;3)NO, groups could not be introduced into
this structure. The thermal stability of title compounds de-
creased in the order: F>D>C>B>E>A.

Table 5 Bond dissociation energies (BDEzpg, kJsmol™!) of the relatively weak bonds for the title compounds at B3LYP/6-311++

G(d,p) level
Compound BDEzpe
3-0-NO, 3-ONO,; or NX 5-0-NO, 5-ONO, or NX 4-0-NO, 4-ONO, or 4-NX
Ay 11.06 345.86 —113.39 357.15 —114.7 356.10
A, 26.55 345.59 1.61 357.15 265.21
A; 22.35 345.59 —9.15 360.04 277.63
Ay —48.80 350.58 —36.98 371.06 351.37
As 4.76 346.12 —20.44 357.41 —44.34
Ag —67.97 351.63 —45.39 364.5 434.52
B, 234.23 238.69 31.28 345.59
B, 229.24 226.88 222.94
B; 226.62 216.9 237.98
B, 233.97 239.74 329.06
Bs 236.59 235.02 103.74
Bg 270.72 262.58 464.19
C; 255.31 262.13 17.63 350.06
C, 243.49 244.81 231.34
Cs 251.11 251.63 260.03
C, 259.77 270.01 345.07
Cs 257.15 255.31 84.84
Cs 272.64 265.29 435.84
D, 334.31 351.11 —6.27 365.29
D, 334.83 347.70 268.89
D; 334.57 350.58 288.91
D, 317.77 332.21 322.49
Ds 340.35 345.07 74.34
D¢ 33431 336.14 388.84
E, 80.64 -35.67 1.87 341.13
E, 91.14 83.26 246.31
E; 83.79 70.92 266.07
E, 73.02 66.98 331.68
E;s 80.38 106.10 80.90
E¢ 72.50 67.25 405.64
F, 419.82 436.89 —10.99 345.59
F, 428.48 448.70 328.22
| O 416.93 437.15 317.53
F, 406.43 405.91 334.04
F; 395.93 416.93 79.32
Fs 396.19 422.18 393.83
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4 Conclusions

The HOFs, energy properties, and thermal stability of a
series of bis(3,4,5-substituted pyrazolyl)methane deriva-
tives with different energetic substituents were studied
using DFT methods. The azido group significantly in-
creased the HOFs both in gas and solid states. But the
difluoroamino group obviously improved the values of
crystal density, detonate velocity and detonation pressure.
The impact sensitivity had a middle fluctuation, and its
distribution was not regular. ONO, and N(CH;3)NO, were
not suitable to be inserted into the structure of bis(3,4,5-
substituted pyrazolyl)methane for their real low BDE val-

ues.

Besides, many the BDE pe values were above the

suggested energy barrier. C, was chosen as a potential high
energy material for its highest energetic properties and
lowest electronic reactivity.
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