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Predicting crystal density of energetic materials accurately critically impacts assessment of their
detonation potential, with higher density directly improving energetic performance. This new approach
will help in density prediction to enable accelerated computational material discovery. By refining
Politzer's approach using rigorously validated B3LYP quantum calculations and Multiwfn's precise
structural elucidation, our optimized protocol substantially enhances predictive accuracy, marking a
significant leap over traditional approaches. This streamlined and efficient framework spearheads high-
fidelity virtual screening to transformatively expedite the development of novel, potent energetic
candidates. Moreover, this research accentuates the decisive impact of refined computational

Received 17th April 2024, techniques on elucidating structure—property relationships early-on, paving the way to accelerated

Accepted 19th September 2024 development of promising energetic materials. Future work may concentrate on expanding training
datasets to further improve model robustness and computational efficiency. Overall, this transformative

density prediction workflow delivers a more precise approach to fundamentally advanced energetic
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The pursuit of novel energetic materials is an intricate process
encompassing design, synthesis, characterization, testing and
scale-up, amounting to a costly R&D endeavour. Heightened
costs stem from the advanced techniques required to safely
design powerful yet stable explosives, hindering rapid advance-
ments. Therefore, the scientific community has increasingly
embraced computationally efficient quantum mechanics (QM)
protocols offering expedited and economic performance esti-
mates to help accelerate development while reducing dangers
with a focus on structure-property evaluations. QM methods
particularly excel at predicting critical detonation attributes
through virtual screening, minimizing risky experiments.
Specifically, QM methods can efficiently predict key detonation
and propulsion figures-of-merit like density, enthalpy of for-
mation, detonation pressures and velocities that enable pre-
liminary screening.'® When applied to density predictions, the
computed density of prospective materials strongly informs
detonation performance assessments, underpinning shock
wave propagation and blast efficiency. Structure-density rela-
tionships quantify how intermolecular packing impacts bulk
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density values, although traditional divisions of molecular
weight by molar volume overlook these interactions. Pioneering
works derived structure-density links by correlating electrostatic
potentials with statistical variance measures.*® Extending this
foundation through recent sophisticated improvements,
approaches by Willer and coworkers,® Pan-Lee,” Rice-Byrd®
and Kim and coworkers,’ Keshavarz and coworkers'® and
Klapétke and coworkers'' have been introduced. Later, Ghule
and coworkers compared the experimental densities with the
densities obtained from these approaches'” and found that the
Politzer and Rice approaches give calculated values for density
which are closer to the experimental densities. However, oppor-
tunities for enhanced predictive precision remain. This new
approach suggests a refined density prediction model deliver-
ing noticeably improved accuracy through targeted reparame-
terization of Politzer's approach (Fig. 1). By incorporating
contemporary density functional theory and multi-scale simu-
lations, our density estimates excel preceding methods in
reliability. The optimized protocol pioneers a simulation toolkit
to further innovation in high-energy materials discovery.
Inspired by these approaches, we have further extended
Politzer’s approaches™® for predicting crystal density more
precisely using the B3LYP/6-311++G(d,p) level of DFT"® selected
for its accurate portrayal of intermolecular interactions pivotal
for density models (eqn (7) and (8)). Optimization and fre-
quency analysis were pursued using the Gaussian 03 suite to
ensure that the obtained structures represent true local minima."*
Subsequently, Multiwfn enabled rigorous quantitative elucidation
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(a) Politzer et al approach (1996)4
p = 1.370 (M/area) + 0.06825 (0%i/area) + 0.08972 --- (1)

(b) Pan and Lee approach (2004)7
p =1.230 (M/area) + 0.01746 (0% /area) + 0.2273 --- (2)
p = 1.373 (M/V) + 0.01414 (0%i/area) — 0.0333 ---(3)

(c) Politzer et al approach (2009)°
p = 0.9183 (M/V) + 0.0028 (0%,) - 0.0443 --- (4)

(d) Rice-Byrd approach (2013)8
p = 1.0462 (M/V) + 0.0021 (0%,) - 0.1586 --~- (5)
(e) Kim et al approach (2013)9

p = 1.463 (M/area) + 0.0344 (0% /area) + 0.0229 -~ - (6)
This work
For strained and nitro compounds (Group 1)

p = 1.0330(M/V) + 0.001836 (0%10) — (0/6) ==~ (7)

For non-strained and non-nitro compounds (Group II)

p = 0.9568(M/V) + 0.001836 (020) — (0/6) =~ (8)

Where a (a = 1.0330 (for equation 7), a = 0.9568 (for equation 8) and 3 (B = 0.001836
for equations 7 and 8) are constants. M/V = (Molecular weight)/ (Molar volume),
obtained with the help of Multiwfn. v = Balance of charges (nu). 6% = Overall variance
(kcal/mol). p = Predicted crystal density of the material.

Fig. 1 Recently developed methods and the present work.*>7=°

of electron densities and molecular surfaces to derive electrostatic
potentials (ESPs) for density prediction."

Molecules were strategically selected based on the availability
of reliable crystal density characterizations in the literature. Most
studied compounds hold distinction in energetic materials,
supplemented by recent publications.'®' For optimal density
predictions, these are classified into two groups - strained or
nitro-containing compounds (Group I, Schemes 1 and 2), and non-
strained aliphatic/aromatic hydrocarbons (Group II, Scheme 3)
based on their distinct intermolecular interaction profiles. These
bespoke classification schemes account for variances in packing
interactions, working to improve predictive accuracy.

OZN\Nj:N/NOZ 10 O2N _NO,
O,N—| N)—«N’NO2 oo ON N 02
/L—l\
,N N N N, N NO,
N O,N OQN

ON 'NO, ON NO, O
3
NO F
02"‘ Noz F F
02"‘ OZN- F— E
NO, S
7

2,4,6,8,10,12-Hexanitrohexaazaisowurtizitane (HNIW, CL-20, 1). 4,10-Dinitro-2,6,8,12-
tetra-oxa-4,10-diazatetracyclo[5.5.0.05°.0%""]-dodecane (TEX, 2). 2,4,4,6,8,8-Hexanitro-
2,6-diazaadamantane (HNDAA, 3). Pentanitro-2-azaadamantane (PNAA, 4). 1,3,5,7-
Tetranitrocubane (TNC, 5). 1,2,3,4,5,6,7,8-Octanitrocubane (ONC, 6). Cubane (CB, 7).
Perfluorocubane (PFCB, 8).

Scheme 1 Group | (crystal density predicted using eqn (7)): (a) polycyclic
strained/nitro compounds.
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1,3,3-Trinitroazetidine (TNAZ, 9). 1,3,5-Trinitro-1,3,5-triazinane (RDX, 10).
1,3,5,7-Tetranitro-1,3,5,7-tetrazocane (HMX,11). 2-Methyl-1,3,5-trinitrobenzene
(TNT, 12). 4-(((Methyl(nitro)amino)methyl)imino)-3,5-dinitro-5,6-dihydro-4 H-
1,2,5-oxadiazine 2-oxide (13). 1,3-Dinitrobenzene (DNB, 14). 5-Azido-10-nitro-
1H,5H-bis(tetrazolo)[1,5-c:5',1-flpyrimidine (15). 2,2-Dinitroethene-1,1-diamine
(FOX-7, 16). 6-Azido-8-nitrotetrazolo[1,5-b]pyridazin-7-amine  (17). (1,4-
Phenylenebis (isoxazole-3,4,5-triyl))tetrakis(methylene) tetranitrate (18). Picric
acid (19). 2,5-Bis(trinitromethyl)-1,3,4-oxadiazole(20). 3,4,5-Trinitro-1-
(trinitromethyl)-1H-pyrazole (21). 3-Nitro-1-(trinitromethyl)-1H-1,2,4-triazole (22).
5-(Trinitromethyl)-2,4-dihydro-3H-1,2,4-triazol-3-one. (23).5-Nitro-3-
(trinitromethyl)-1H-1,2,4-triazole (24).

Scheme 2 Group | (crystal density predicted using eqn (7)): (b) polynitro

compounds.
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Methane (25). Perchloromethane (26). Ethane (27).
(Methylsulfinyl)methane(28). Acetic acid (29). Formamide (30).
Benzene (31). Cyclohexane (32). Bromobenzene (33)
Chlorobenzene (34). Phenol (35). Benzoic acid (36).

Scheme 3 Group Il (crystal density predicted using eqn (8)): hydrocarbon
and compounds without nitro group.

Crystal densities of compounds 1-24 (Schemes 1 and 2) were

computed via eqn (7), selected specifically for strained and
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Table 1 Comparison of crystal densities of compounds 1-24 (Group 1) determined by our approach and using egn (1), (2) and (4)—-(6)

Compound v* MIV" 0 X 62 B X0 X 0 p° o (Lit) 4¢ o™ (eqn (1)) p' (eqn (2)) ¢/ (eqn (4)) p* (eqn (5)) p’ (eqn (6))
1 0.0584 1.9601 13.9932  0.025691625  2.0407 2.0400 0.0007 1.9763 1.8972 1.7948 1.9214 2.0165
2 0.1758 1.8792 27.6664 0.050795492  1.9626 1.9850 —0.0223 1.8020 1.7383 1.7588 1.8655 1.8283
3 0.1089 1.8821 22.0477  0.040479687 1.9665 1.9590 0.0075 1.9986 1.9194 1.7457 1.8567 2.0423
4 0.1716 1.7897 29.4705 0.054107856  1.8742 1.8130 0.0612 1.9036 1.8350 1.6816 1.7756 1.9416
5 0.0943 1.7773 20.5503 0.037730516 1.8579 1.8140 0.0439 1.6467 1.5916 1.6453 1.7439 1.6561
6 0.0302 2.0004 4.8985 0.008993664 2.0703 1.9790 0.0913 2.0438 1.9664 1.8063 1.9445 2.0962
7 0.1143 1.2317 0.7875 0.001445813  1.2547 1.2900 —0.0352 1.0827 1.1159 1.0889 1.1316 1.0807
8 0.0092 2.2766 1.3556  0.002489028  2.3526 2.4290 —0.0763 1.9046 1.8306 2.0500 2.2260 1.9381
9 0.1397 1.7276 25.9716 0.047683894 1.8090 1.8300 —0.0209 1.5716 1.5154 1.6148 1.7033 1.5682
10 0.1273 1.7291 27.2892  0.050103045 1.8150 1.8100 0.0050 1.6081 1.5483 1.6199 1.7076 1.6073
11 0.1340 1.7690 33.0870 0.060747842 1.8657 1.9100 —0.0442 1.7599 1.6903 1.6728 1.7616 1.7744
12 0.2085 1.6404 22.4788 0.041271132 1.7010 1.6500 0.0510 1.5244 1.4946 1.5250 1.6047 1.5368
13 0.1979 1.7158 36.2283 0.066515159 1.8059 1.7800 0.0259 1.6192 1.5732 1.6327 1.7125 1.6322
14 0.2490 1.5677 26.7377  0.049090527 1.6270 1.5700 0.0570 1.4166 1.3906 1.4701 1.5376 1.4153
15 0.1372 1.7310 34.9834  0.064229596 1.8294 1.8560 —0.0265 1.6215 1.5578 1.6432 1.7258 1.6194
16 0.1815 1.6904 84.0449 0.154306495 1.8702 1.8900 —0.0197 1.6294 1.4726 1.7433 1.7863 1.5468
17 0.2468 1.7185 63.4310 0.116459334 1.8505 1.8340 0.0165 1.6113 1.5427 1.7114 1.7725 1.6032
18 0.1399 1.6509 20.1076 0.036917535 1.7189 1.6970 0.0219 1.5701 1.5441 1.5280 1.6107 1.5930
19 0.1820 1.7559 27.2569  0.050043700 1.8335 1.7670 0.0665 1.6093 1.5629 1.6444 1.7357 1.6205
20 0.0465 1.9699 6.1808 0.011347894  2.03850 2.0070 0.0315 1.8477 1.7898 1.7819 1.9152 1.8864
21 0.0836 1.9774 13.9262  0.025568522  2.0542 2.0060 0.0482 1.7385 1.6849 1.8105 1.9394 1.7637
22 0.1792 1.8882 41.7622 0.076675454 1.9973 1.9990 —-0.0016 1.7522 1.6811 1.8065 1.9045 1.7642
23 0.1434 1.8509 24.1799 0.044394443 1.9324 1.9020 0.0304 1.7002 1.6416 1.7230 1.8285 1.7149
24 0.0446 1.8882 13.8161 0.025366341 1.9684 1.9400 0.0284 1.7659 1.6807 1.7283 1.8458 1.7677

“y = balance of charges (nu). > M/V = (molecular weight)/(molar volume), obtained with the help of Multiwfn. ¢ Product of g, (overall variance
kcal mol~2) and v (balance of charges). ¢ Product of o> (overall variance kcal mol~2), v (balance of charges) and f. © p = crystal density of the
material predicted according to eqn (7). p (Lit.) = experimental crystal density. & A = difference between experimental crystal density and crystal
density predicted according to eqn (7). ” p (eqn (1)) = predicted crystal density according to eqn (1).  p (eqn (2)) = predicted crystal density
according to eqn (2).” p (eqn (4)) = predicted crystal density according to eqn (4). © p (eqn (5)) = predicted crystal density according to eqn (5).
" p (eqn (6)) = predicted crystal density according to eqn (6). « = 1.0330 and § = 0.001836 are constants.

nitro-containing systems where intermolecular interactions
substantially influence density. For non-strained aliphatic/aro-
matic hydrocarbons (compounds 25-36, Scheme 3), eqn (8) was
pursued to account for their distinct packing effects.

For benchmarking, densities were additionally predicted
using the preceding eqn (1), (2) and (4)-(6) established in the
literature (Fig. 1).*”® These comparative results are tabulated in
Tables 1 and 2 and depicted in Fig. 2-5.

A good comparison of the results produced by eqn (1), (2),
and (4)-(8) suggests that by refining Politzer’s approach using
rigorously validated B3LYP quantum calculations and Multi-
wfn’s precise structural elucidation, our protocol substantially
enhances predictive accuracy involving the individual contribu-
tions of »/6, marking a significant leap over traditional
approaches as listed in Tables 1 and 2, Fig. 2-5 and
Tables S15 and S16 (ESL}).

Table 2 Comparison of crystal densities of compounds 25-36 (Group Il) determined by our approach and using egn (1), (2) and (4)-(6)

Compound v* MIVP 0 X 0 B X0 X o2t p° p (LitY 48 p" (eqn (1)) p’(eqn (2)) ¢ (eqn (4)) p* (eqn (5)) p' (eqn (6))
25 0.0554 0.6218 0.3596  0.000660 0.5863 0.5170 0.0693 0.4795 0.5595 0.5277 0.4927 0.4235
26 0.0210 1.9500 0.5871  0.001078 1.8633 1.8230 0.0403 1.6517 1.6217 1.7480 1.8827 1.6839
27 0.0935 0.7484 0.4235 0.000778 0.7012 0.6900 0.0072 0.5855 0.6659 0.6441 0.6252 0.5466
28 0.1047 1.2332 32.9179  0.060437 1.2229 1.2300 —0.0071 1.2687 1.1096 1.1803 1.2007 1.1272
29 0.2456 1.2545 44.8608  0.082364 1.2417 1.2660 —0.0242 1.1445 1.0410 1.2333 1.2480 1.0322
30 0.2483 1.1979 87.9804 0.161532 1.2662 1.2600 0.0062 1.3910 1.0509 1.3020 1.2794 1.1098
31 0.2380 1.0846 8.9239  0.016384 1.0144 1.0160 —0.0015 0.9634 0.9906 0.9766 0.9948 0.9374
32 0.1358 0.9770 0.4493  0.000825 0.9129 0.8560 0.0569 0.8854 0.9400 0.8541 0.8644 0.8711
33 0.1911 1.7574 7.6850  0.014110 1.6637 1.6540 0.0097 1.5236 1.5034 1.5910 1.6961 1.5443
34 0.1966 1.3230 8.0502  0.014780 1.2478 1.2250 0.0228 1.1697 1.1810 1.1931 1.2424 1.1622
35 0.1929 1.2031 27.9871  0.051384 1.1703 1.1550 0.0153 1.1375 1.1005 1.1388 1.1588 1.0825
36 0.2494 1.3131 40.9579  0.075199 1.2900 1.3220 —0.0320 1.2406 1.2017 1.2762 1.3011 1.2002

“y = balance of charges (nu). > M/V = (molecular weight)/(molar volume), obtained with the help of Multiwfn. ¢ Product of > (overall variance
keal mol~2) and v (balance of charges). ¢ Product of 6> (overall variance kcal mol~2), v (balance of charges) and . € p = crystal density of the
material predicted according to eqn (8)./ p (Lit.) = experimental crystal density. £ 4 = difference between experimental crystal density and crystal
density predicted according to eqn (7). " p (eqn (1)) = predicted crystal density according to eqn (1). ‘ p (eqn (2)) = predicted crystal density
according to eqn (2).” p (eqn (4)) = predicted crystal density according to eqn (4). © p (eqn (5)) = predicted crystal density according to eqn (5).
" p (eqn (6)) = predicted crystal density according to eqn (6). « = 0.9568 and § = 0.001836 are constants.
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Fig. 2 Plots of predicted crystal densities using our approach (egn (7))
versus literature value calculated using eqn (1), (2) and (4)—-(6).
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Fig. 3 Plots of predicted crystal densities using our approach (egn (8))
versus literature value calculated using eqgn (1), (2) and (4)-(6).

Conclusions

This study revealed that the predictions of the crystal density of
organic compounds could be significantly improved by strate-
gically modifying Politzer’s approach. Compounds were cate-
gorized into two classes (Group I and Group II) based on the
presence/absence of strain and nitro functionalities to optimize
model parameters for these distinct chemical spaces. The
universal constants o, f,, and y were replaced by 1.0330,
0.001836, and v/6 specifically for Group I compounds, whereas
values of 0.9568, 0.001836, and v/6 were utilized for Group II
systems. Notably, substituting y with ©/6 to capture intrinsic
charge differences between materials delivered superior density
predictions over all preceding methods. This work not only
enhances predictive accuracy, but pioneers a broadly applicable
platform to accelerate the discovery of novel, high-performance
energetic candidates.

17950 | New J. Chem., 2024, 48,17947-17952

View Article Online

06 H
I ‘\ = equation 2
I \ = equation 4
I L = equation 1
3 1 equation 6
05 \T‘ :equmui
i it = equation 7
\
| 1
L \ ’
04 Al /
I Iy 'I‘I /
o fs \
Q 3 la \ )
< 03l A} TRV /
) |
- I i\ \A 5
@ L f . \ / -
= | AR A 4/
(=] | | ™ 1 r N\ A w /m . » -
0.2 f ¥ ¥\ // \ —
\ ARG K o
/7 ,u\\ i Y e\ W a
A \ ¥ / W OE AN
01 NG » s 2
[ 4/ - L X A »
[ VPN LN -
[ & . /5 ¥ . LA S Y
ofF« ¥ * « "
e o b
123 45 67 89 10111213 1415161718 1920 21222324

Compound

Fig. 4 Difference in crystal densities of compounds 1-24 determined
using egn (1), (2) and (4)-(7) and experimental values.
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Fig. 5 Difference in crystal densities of compounds 25-36 determined
using eqgn (1), (2), (4)-(6) and (8) and experimental values.
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