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Abstract

Two crystalline salts, phenyl diazonium chloride (PDC) and tetrafluoroborate (PDT), were chosen
as probes for theoretical study of solid-state properties responsible for impact sensitivity since
these salts differ only in the nature of anion and, hence, in the properties of solid state. In the
present report, we have studied the influence of electronic structure, vibrational spectra, mechani-
cal properties, crystal growth morphology, and the stored energy content on impact sensitivity of
PDC and PDT to find the most important solid state characteristics governing this phenomenon.
The band structure calculations at various external pressures indicate very different response of
the band gap. Extremely sensitive PDC crystals acquire the metallic nature at 29 GPa (metallization
point), whilst in the PDT crystals the complete closure of band gap occurs only at 200 GPa. More-
over, the stored energy content in PDC is by 1000 kJ mol~* higher than that of PDT. Only these
two properties among the calculated in the present work differ significantly in the studied crystals.
The rest solid-state characteristics such as crystal packing, vibratial spectra (phonon-valence vibra-
tion energy transfer probability), elastic properties (bulk moduli) demonstrate rather close values.

supercomputer use. The computations
were performed on resources provided by
the Swedish National Infrastructure for
Computing (SNIC) at the Parallel Computer
Center (PDC) through the project
“Multiphysics Modeling of Molecular
Materials,” SNIC 020/11-23.

The influence of metallization point (GPa) as well as crystal growth morphology on impact sensitiv-

ity is discussed for the first time.
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1 | INTRODUCTION

Today, one of the most urgent problems of humankind is a lack of efficient energy sources. Many branches of industry, science, army, and so forth
need materials enclosing huge amount of internal energy, so-called high-energy density materials (HEDMs). Modern HEDMs should satisfy very
tight criteria of environmental safety.!"? Therefore, the most potentially favorable candidates of such “green” HEDMs are nitrogen-rich compounds
including different single-bonded allotropes of nitrogen.[3'5] On explosion, these HEDMs release molecular nitrogen as a primary product, which is
an environmentally friendly inert gas.

An important property of explosives is impact sensitivity (hso) which determines the minimum drop height (cm) needed to initiate explosion of
50% trials. This assumes, however, that the drop weight is equal in all the cases. From this point of view it is more convenient to use the impact
energy (IE) values (in J). Sensitive explosives are characterized by the IE values equal to 1-5 1.1 Otherwise, if a 50 J impact does not cause explo-
sion, one can classify this material as nonsensitive.[>”!

To quantify impact sensitivity, a number of different theoretical models were proposed. Most of them are based on the analysis of various
molecular features in terms of quantitative structure-property relationships (QSPR) methodology including very complex artificial neural
networks.®~*8 These QSPR models, however, often include arbitrary sets of descriptors and are very sensitive to the known problem of random
correlations. Conversely, the molecular properties unable to explain the differences between impact sensitivities of various polymorphic crystalline
solids, for example, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)™*??% or octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX).2%
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Meanwhile, attempts were made to establish a link between impact sensitivity and the solid state properties, particularly, band gap.?? Zhu and
Xiao studied band structures of metal azides and revealed a qualitative dependence with the impact sensitivity.[23] Thus, the small gaps cause high
sensitivity and subsequently small impact energy values.’???3 The abovementioned dependence, however, cannot be applied for an arbitrary set of
explosives, because divergence of the band gaps for solids is not too much as it is for impact sensitivity values. This rather can be applied for a qual-
itative description of impact sensitivity within a family of compounds. Additionally, at ambient pressure, band gaps are usually too large to allow an
effective electron flow to conduction bands in dark conditions. According to Boltzmann distribution, in the “dark” conditions, a noticeable occupa-
tion of the conduction band at 298 K occurs only when the band gap value is lower than 1 eV.2 Thus, the oversimplified approach based on the
band gap values at ambient pressure cannot serve as a reliable criterion of impact sensitivity. It becomes clear that there are other solid state prop-
erties which affect impact sensitivity values. McNesby and Coffey proposed to use vibrational spectra to quantify impact sensitivity by means of
estimation of the phonon-valence vibration energy transfer probability.?®! Zhang et al.?%! provided a description of explosives crystal composition,
which allows to distinguish qualitatively sensitive and insensitive HEDMs.

Also, an important approach was developed to describe impact sensitivity as a property, which depends on the chemical energy stored in the
material (Q).272® This value is proportional to the crystalline enthalpies of formation (AH?(S)). Wu and Fried have shown that the bond dissociation
energy scaled by the energy content (Q) is a promising indicator for predicting high explosive sensitivity.?”) It was found that stored energy values
yield dramatic improvement with respect to simple QSPR approaches, at least for common nitroaliphatic explosives.?”! Thus, the influence of stored
energy content on impact sensitivity of PDC and PDT crystals should be also checked.

From this point of view, it is interesting to study aryl diazonium salts which have the known mechanism of decomposition.*3" In this case,
once the virtual orbitals become occupied the structure loses nitrogen generating radical species.[32’33] This process, obviously, initiate a chain reac-
tion and subsequent explosion. Thus, we can speculate, that when empty bands become occupied structure starts to decompose; this explains the
effect of band gap values.

To take into account all the aforementioned factors affecting impact sensitivity, we have chosen two crystalline aryl diazonium salts, phenyl dia-
zonium chloride (PDC) and tetrafluoroborate (PDT), as probes whose crystal structures are well-known.[3*33 These salts strongly differ in stabil-
ty:[36] PDC is extremely unstable with IE equal to 3 J7VIn contrast, PDT has very high stability and can be safely stored and handled without
special care.®”! Such unique stability is peculiar for aryl diazonium salts with another weakly nucleophilic anion, tosylate (TsO™).2%3 Since the stud-
ied salts consist of the same phenyl diazonium cation and differ only in the nature of the anion, the difference in impact sensitivity should be
addressed solely to the properties of solid state.

Thus, in this article we have tried to understand what solid-state derived properties including electronic structure, vibrational spectra, and elas-
ticity can be representatives of impact sensitivity. For this purpose, we have performed first-principles calculations of PDC and PDT at ambient and

high external pressures.

2 | COMPUTATIONAL DETAILS

First-principles calculations presented in this work were performed within the generalized gradient approximation (GGA) using Materials Studio 7.0
suite of programs.l*?! Cell relaxations, band structure (BS), and mechanical properties calculations were carried out using Cambridge Serial Total
Energy Package (CASTEP) code. ™™ The calculations have been performed with a norm-conserving pseudopotential (NCP) in reciprocal space which
allows a correct description of the electron-core interactions. The functional due to Perdew-Burke-Ernzerhof (PBE)*? has been utilized entirely.
The electronic wave functions have been expanded in a plane wave basis set with an energy cutoff equals 600 eV (44.1 Ry). The Brillouin zone sam-
pling was performed by means of the Monkhorst-Pack scheme using 1 X 4 X 2 (PDC) and 1 X 2 X 4 (PDT) k-point grids (0.05 A~2) during cell
relaxations. The BS calculations were done using a wider energy cutoff equals 800 eV (58.8 Ry) and a denser mesh of 2 X 5 X 3 (PDC) and 1 X 3
X 4 (PDT) (0.04 A~1). The SCF tolerance has been specified to be 1 X 10~¢ eV atom ™. For GGA/PBE approach the long-range effects were taken

into account entirely using the Tkatchenko-Scheffler (TS) scheme,*3! (251

which provides reliable results for the geometry optimizations.

The vibrational spectra calculations of the PDC and PDT crystals were performed using DMol® code.[* During these calculations the Brillouin
zone sampling was the same as for the BS calculations. Again, we have used PBE functional, but in this case a double numerical basis set, namely,
DND was applied.**! This includes d-functions on nonhydrogen atoms. Core electrons were treated in terms of all-electron approximation including
relativistic effects. Thus, harmonic vibrational frequencies are computed by diagonalizing the mass-weighted second-derivative matrix F, whose ele-

ments can be expressed as the following:+4°!

1 9%
Fj=——— 7
\/mim; aq,-aqj

where, g, g, m;, and m; are Cartesian coordinates and masses of atoms i and j, respectively. Since DMol® cannot produce the second

1

derivatives analytically, these are calculated as finite differences of first derivatives. Thus, the second derivatives are computed numerically as in

Equation 2.1444!
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where A is an arbitrary distance by which the equilibrium geometry is displaced.

To obtain crystal habits, the crystal graphs have been first computed using COMPASS! ¢! (condensed-phase optimized molecular potentials for
atomistic simulation studies) forcefield within the Morphology Tools module.*®! The weakest energy at the initial step was set to be equal —0.6
kcal mol 2. Thereafter, the crystal morphology has been predicted by means of the attachment energy (E,) calculation, which is the energy released

on attachment of a growth slice to a crystal face Equation 387

Eatt=Ejatt — Eslice (3)

Herein, E.t; is the lattice energy of the crystal; Egjice is energy of a growth slice with thickness dhkl; thus, the growth rate is proportional to

E.«./”) Finally, the crystal growth was allowed along the planes with maximum Miller indices [3 3 3] using a Wulff plot.

3 | RESULTS AND DISCUSSION

3.1 | Crystal packing and electronic structure

Crystal composition of PDC and PDT is illustrated in Figure 1 and the asymmetric cells dimensions data are listed in Table 1. As it follows from Table
1, the calculated results are in a good agreement with the experimental ones. Actually, when comparing the crystal packing, one can approximately
discriminate the crystals as the more and less sensitive to impact. Thus, Zhang et al.?! outlined the crystal packing criteria for sensitive and insensi-
tive HEDMs. These include the presence of: (i) big n-conjugated molecular structures; (ii) strong intramolecular hydrogen bonds; (iii) single-atom-
layered stacking interactions.!?®! According to the first two criteria, the studied probes are structurally the same. Furthermore, as one can see in Fig-
ure 1, the PDC and PDT crystals both do not possess stacking interactions. As a result, we cannot say anything about the difference in impact sensi-
tivity of the PDC and PDT crystals on the basis of the crystal packing criteria.

To gain information about electronic properties of the studied crystals, we have performed BS calculations in terms of the high-throughput
approach.“®! This assumes a standardized integration scheme for all the 24 Brillouin zones within 14 Bravais lattices.[*”? Thus, for the PDC (space
group C222,) and PDT (space group P24/a) crystals the coordinates of high symmetry k-points can be expressed as in Tables 2 and 3, respectively.
Note that in the case of PDC, which has a C-centered orthorhombic lattice, we have performed the BS calculations for the corresponding primitive
lattice for which the Brillouin zone is illustrated in Figure 2. The BS and partial density of states (PDOS) plots for PDC and PDT crystals at ambient
pressure are shown in Figure 3.

Indeed, according to Figure 3, PDC really has narrower band gap than that of PDT. The calculated values, however, differ only about two and a
half times, 1.056 versus 2.682 eV, respectively. Such small difference does not explain why PDC is so sensitive and the PCT does not. Electronic
structure of the studied crystals is also different. As it follows from Figure 3, in the case of PDC an indirect band gap occurs since the valence band
maximum (VBM) and conduction band minimum (CBM) appear at the I'- and X-points, respectively. In contrast, the PDT crystal exhibits a direct
band gap where the VBM and CBM appear at the X-point. Thus, electronic structure calculations at zero external pressure do not provide a solid
explanation of the difference in impact sensitivity of the studied crystalline salts.

Conversely, the impact event causes a local pressure rise, which can dramatically change electronic structure of the crystalline sample.

Thus, we have optimized structures and calculated the corresponding BS of the PDC and PDT crystals. As a result, an absolutely different

(B)

FIGURE 1 Crystal packing of PDC (A) and PDT (B)
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TABLE 1 Asymmetric cell parameters for PDC (C222,) and PDT (P2,/a) crystals

Cell a (A b (A) c(A) B ()
PDCeper 15.152 4928 9.044

PDCaicq 15.452 4922 9.176

PDTeyper 17.347 8.396 5.685 92.14
PDTeaic 17.045 8.626 5.652 92.94

response of the electronic structure has been revealed in the studied crystals. It is well-known that the crystal compression accompanies
with the gradual narrowing of the band gap. PDC has been found to be very sensitive to external pressure. When the pressure reaches
29 GPa, the complete closure of band gap occurs. Thus, electronic structure of the crystal acquires the metallic nature. We have called
this pressure value as the metallization point (Figure 4A). All the intermediate values of lattice parameters for the PDC and PDT crystals
at different pressures are listed in Table S1 and the corresponding BS plots are illustrated in Figures S1 and S2 in the Supporting
Information.

When a molecular crystal (insulator) acquires the metallic nature, a barrierless electronic flow from the valence to conduction band takes place.
The conduction band includes molecular orbitals which generally have antibonding character with respect to most bonds; therefore, their effective
occupation leads to breaking of the bonds and the corresponding free radical formation. Thereafter, these radicals easily trigger the decomposition
reaction, which often have chain mechanism and accompanies with an explosion. In the case of aryl diazonium salts, occupation of the lowest unoc-
cupied molecular orbital (LUMO) leads to a subsequent loss of molecular nitrogen.[3°'33] This means that in the case of aryl diazonium salts the trig-
ger bond is the C—N bond. Since in this study we consider the same diazonium cation, the trigger bond energy is identical in terms of the molecular
calculations. Thus, responsibility for the different impact sensitivity is shifted solely to the solid state properties. Hence, the metallization point
becomes a crucial factor which can provide quantification of the impact sensitivity.

In the case of PDT, electronic system is much resistant to the lattice dimensions changes (Figure 4A). The band gap energy decreases gradually
up to 200 GPa until the metallization point appears. It is interesting that in the case of PDC crystal, the pressure dependence of the lattice volume
(VP curve) consists of two linear regions (Figure 4B). Projection of the crossing point of the corresponding tangent lines with respect to the x axis
indicates the metallization point. The VP curve of PDT crystal has a similar shape, but the corresponding metallization point cannot be found using
the abovementioned method; crossing of the tangent lines occurs at about 50 GPa. Since the search for metallization point is a computationally
expensive task, the applicability of the scheme described above deserves a further detailed study.

The PDT crystals demonstrate intrinsic gap until organic moieties remain uniform. Only when extremely compression is applied (200 GPa) the
organic system destroys and transforms into an amorphous matter (Figure 5).

It is worthwhile noting that such extremely high pressures are scarcely being achieved when a pure hydrostatic compression is considered
under an impact event. In this case, one needs to consider an impact event at microscopic level. In this case, the hammer surface is not flat and has
irregularities with surface protrusions of different size. Let’s call them “contact zones.” The area of a contact zone tip is obviously extremely small;
therefore, the pressure formed on penetration of the tip into an explosive sample is expected to be extremely high. For example, if the tip area is
100 pm[z] and the hammer weight is 2.5 kg, a free fall from 10 cm yields the pressure rise up to 24.5 GPa and when the height is 100 cm the pres-
sure will be 245.3 GPa.

Meanwhile, since polycrystalline samples consist of randomly distributed single crystals, the local compression causes energy redistribution uni-
formly toward all directions, which can be an analogue of isotropic (hydrostatic) compression. Thus, one can assume that the application of isotropic

compression during the cell relaxations is justified.

TABLE 2 Definition of high symmetry k-points in C-centered orthorhombic a < b lattice (ORCC)

k Xka Xkg Xkc k XKka Xkg Xkc
r 0 0 0 T -1/2 1/2 1/2
A ¢ g 1/2 X ¢ S Y
A - 1-¢ 1/2 Xy - 1-¢ 0
R 0 1/2 1/2 Y -1/2 1/2 0
S 0 1/2 0 z 0 0 1/2

%=(1+02/b?) /4.
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TABLE 3 Definition of high symmetry k-points in monoclinic (MCL) lattice

k Xka Xkg Xkc k Xka Xkg Xkc
r 0 0 0 M, 1/2 1-m v
A 1/2 1/2 0 X o 1/2 0
C 0 1/2 1/2 Y 0 0 1/2
D 1/2 0 1/2 H 0 M 1-v
Hq 0 1-n? VP z 1/2 0 0
M 1/2 " 1-v E 1/2 1/2 1/2

=(1—bcosa/c)/(2sin%a).
by=1/2—-mccos a/b.

3.2 | Crystalline vibrational spectra

An interesting approach for quantification of the impact sensitivity was developed by McNesby and Coffey.[24] They proposed that a crucial stage
in initiation of explosion is the transformation of the mechanical impact energy into phonon vibration and then into the valence vibrations. Energy
evolution from phonon vibrational manifold to valence vibrational manifold proceeds via the interaction of overtones of the phonon fundamentals
and the valence vibrations fundamentals.?* Such energy transfer has a probabilistic character since it depends on the both phonon and valence
vibrational fundamentals. To estimate the relative rate of the energy transfer one should first select the boundaries of the phonon and valence
vibrational manifold; in the original paper these are the following 0-250 and 400-700 cm ™}, respectively. Thereafter, the phonon overtones should
be calculated with the energy cutoff equal to the upper limit of the valence vibrational manifold (700 cm ™). Once the phonon overtones are known,
the difference between each of them and the valence vibrational fundamentals should be calculated.

Obviously, the greater the energies mismatch, the lower the rate of energy transfer. Usually, if the energy difference lies within the range
+10 cm ™ ! this is a strong interaction which corresponds to a high rate, then the rate decreases rapidly. Thus, one needs to scale all the obtained dif-
ferences by a cost function. McNesby and Coffey proposed to use sech? (AE/kT) in accord with the kinetic theory of gases.?*! Thus, impact sensitiv-
ity will be inversely proportional to the sum of scaled squares of hyperbolic secants of the obtained energy differences.

Actually, this procedure is very complex technically since one need to build and handle with extremely big arrays of data. To overcome this diffi-
culty, we have developed a specialized utility FREQaNALYZER using Pascal ABC.NET programming language. This allows specifying custom defined
boundaries of the both phonon and valence vibrational manifolds. As a result, the sum of scaled squares of hyperbolic secants (Q) is printed accord-

ing to Equation 4.

(A) k4

Path: [-X-5-R-A-Z-T-Y-X;-A-T-Y|Z-T

® ——— D

D

7E,
XY .
o |

ikA
Path: I'-Y-H-C-E-M-A-X-I'-Z-D-M|Z-A|D-Y | X-H,

FIGURE 2 The Brillouin zone integration scheme for the PDC (A) and PDT (B) crystals along with the corresponding k-path within the
high-throughput approximation
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(4)

where vphon are the frequencies of overtones and fundamentals of the specified phonons; v,, are the frequencies of specified valence vibra-

tional fundamentals. Along with this result, FREQANALYZER also prints intermediate information such as overtones which are grouped so that these

data can be easily imported to any chart building tools. Also, the values of the calculated energy differences and its number are printed in the

output file.

Thus, we have calculated the vibrational frequencies of the PDC and PDT crystals at the I'-point using DMol® code. The numerical data are col-

lected in Tables 4 and 5. The vibrational spectra consist of 81 and 213 normal modes for PDC and PDT crystals, respectively. Compared to our

TABLE 4 The calculated vibrational frequencies (cm™?) of the crystalline PDC

Mode
1

v A W N

VO 0 N o

11
12
13
14

v
13
37
41
46
68
76
78
90
92
95
103
107
113
118

Mode
15
16
17
18
19
20
21
22
23
24
25
26
27
28

v

120
125
133
153
155
365
370
402
409
457
458
511
513
516

Mode
29
30
31
32
33
34
35
36
37
38
39
40
41
42

v

520
622
623
672
676
753
758
774
776
837
852
959
963
973

Mode
43
44
45
46
47
48
49
50
51
52
53
54
55

56

v
984
985
987
1009
1011
1033
1034
1085
1094
1145
1148
1170
1172
1181

Mode
57
58
59
60
61
62
63
64
65
66
67
68
69
70

v

1187
1315
1319
1391
1391
1449
1451
1462
1464
1575
1577
1596
1596
2277

Mode

71
72
73
74
75
76
77
78
79
80
81

v

2284
2976
2978
2991
2991
3098
3098
3110
3110
3116
3116
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TABLE 5 The calculated vibrational frequencies (cm™?) of the crystalline PDT

Mode v Mode v Mode v Mode v Mode v Mode v

1 20 37 113 73 461 109 748 145 1037 181 1473
2 26 38 116 74 484 110 763 146 1048 182 1582
3 30 39 118 75 484 111 763 147 1049 183 1582
4 30 40 129 76 484 112 763 148 1050 184 1583
5 34 41 130 77 484 113 764 149 1072 185 1583
6 36 42 139 78 487 114 844 150 1098 186 1595
7 41 43 139 79 488 115 846 151 1098 187 1596
8 42 44 147 80 489 116 848 152 1099 188 1596
9 42 45 147 81 489 117 850 153 1100 189 1599
10 44 46 187 82 495 118 935 154 1129 190 2284
11 53 47 189 83 495 119 935 155 1132 191 2288
12 55 48 189 84 495 120 936 156 1133 192 2289
13 59 49 191 85 495 121 936 157 1139 193 2290
14 60 50 193 86 542 122 983 158 1163 194 3134
15 63 51 196 87 542 123 984 159 1163 195 3134
16 63 52 197 88 542 124 985 160 1164 196 3134
17 66 53 198 89 542 125 987 161 1164 197 3135
18 66 54 324 90 562 126 988 162 1186 198 3148
19 66 55 324 91 562 127 990 163 1187 199 3148
20 68 56 324 92 562 128 990 164 1190 200 3150
21 69 57 324 93 562 129 991 165 1190 201 3150
22 72 58 334 94 619 130 992 166 1317 202 3173
23 74 59 334 95 619 131 993 167 1318 203 3173
24 75 60 334 96 619 132 995 168 1319 204 3173
25 78 61 335 97 619 133 996 169 1320 205 3174
26 81 62 388 98 661 134 1005 170 1390 206 3183
27 85 63 388 99 662 135 1007 171 1390 207 3183
28 86 64 392 100 663 136 1009 172 1390 208 3183
29 87 65 394 101 663 137 1012 173 1390 209 3185
30 92 66 426 102 724 138 1019 174 1447 210 3187
31 94 67 427 103 724 139 1020 175 1447 211 3187
32 95 68 429 104 724 140 1022 176 1447 212 3188
33 100 69 429 105 724 141 1023 177 1447 213 3188
34 102 70 457 106 741 142 1023 178 1472

35 106 71 459 107 743 143 1025 179 1472

36 106 72 460 108 748 144 1032 180 1473

previous results on the structure and vibrational spectra of aryl diazonium cations,'®?! the data of vibrational spectra calculations obtained in the pre-
sented work are much closer to the known experimental frequencies. The results of previous molecular calculations of phenyl diazonium cation
using the DFT(B3LYP)/6-31G(d,p) approach along with the presented first-principles calculations of the PDC and PDT crystals and the correspond-
ing experimental data are gathered in Table S2 in the Supporting Information.
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TABLE 6 The energy transfer probability values (Q) for different vibrational manifold boundaries (cm ™) using PDT as a reference

Range 400-700 400-1500 251-700 251-1500 251-3500
Crystal PDC PDT PDC PDT PDC PDT PDC PDT PDC PDT
Q 43.9480 30.9938 187.3579 180.7502 57.7993 44.9551 201.2044 194.7115 284.3802 248.0134

As it follows from Table S2, Supporting Information, the N=N and C—N bond lengths are better reproduced using the molecular approach. In
contrast, the calculated N=N and C—N valence vibration frequencies are much closer to the experiment in the case of the crystal approximations.
Thus, the DFT(B3LYP)/6-31G(d,p) approach overestimates the v(N=N) by 51 cm ™%, while the GGA/PBE/DND approach underestimates this value
only by 10 cm ™! (Table $2, Supporting Information). We should stress that the C—N bond lengths is longer and vibtational frequency is lower for
the PDT crystal indicating the weaker bond. Actually, this circumstance does not make PDT less stable than PDC; therefore, we can conclude that a
simple approach based on the trigger bond energy approximation cannot be applied for the studied crystalline salts. Actually, the effect of the anion
on structural parameters and vibrational frequencies in the C—C=N moiety is known.!*"!

The analysis of vibrational spectra of the studied salts using FreqAnalyzer utility with different boundaries of the valence vibrational manifold
produced the values of Q which are listed in Table 6. To compare the Q values for PDC and PDT saltsobtained using FREQANALYZER, one should select
a reference structure. The Q values in Table 6 correspond to the choice of PDT as the reference. This means that the obtained Q value for PDC
should be multiplied by the factor of (N%DT/NEDC), where Nppc and Nppt are the number of normal modes in the vibrational spectra of PDC and
PDT, respectively. The nonscaled Q values for PDC are listed in Table S3 in the Supporting Information. As one can see in Table 6, the probability
values Q are slightly higher for PDC with any valence vibrational manifold boundaries; this indicates the PDC salt as more sensitive to impact. Con-
versely, the difference between, Q values for the studied salts are not enough to explain such a big difference in impact sensitivity. Obviously, this
effect has a minor character compared to the influence of metallization point. Finally, the diagram of phonon overtones together with the corre-

sponding valence vibrational fundamentals produced by FrReQaNALYZER is illustrated in Figure S3 in the Supporting Information.

3.3 | Elastic properties, crystal morphology, and heats of formation

To compare mechanical properties of the studied crystalline salts, we have calculated the corresponding elasticity parameters. PDC belongs to the
orthorhombic crystal system (space group C222,) of the Laue class mmm and has 9 independent elastic constants.”Y At the same time, PDT
belongs to the monoclinic crystal system (space group P24/a) of the Laue class 2/m and has 13 independent elastic constants.® The numerical val-
ues of the elastic stiffness constants Cj; are listed in Table 7; the Young moduli as well as the Poisson ratios are presented in Table 8.

As we have mentioned above, an important property, which significantly differs for the PDC and PDT crystals is the metallization point. Since
this point reflects the pressure value, which corresponds to the band gap decrease down to zero, it has a similar meaning with bulk modulus (B) or
compressibility (B) of a crystal. According to our present results, the calculated B values are the following 8.11 and 9.00 GPa for PDC and PDT,

respectively. Remarkably, this result falls into the general line of the proposed hypothesis. Indeed, the more soft PDC crystal compresses easier and,

TABLE 7 The calculated elastic stiffness constants C; (GPa) for the studied aryl diazonium salts

PDC j=1 i=2 j=3 j=4 i=s i=
i=1 18.37 7.37 8.54 0.00 0.00 —3.28
i=2 7.37 7.74 7.92 0.00 0.00 0.84
i=3 8.54 7.92 9.12 0.00 0.00 -0.17
i=4 0.00 0.00 0.00 3.91 1.11 0.00
i=5 0.00 0.00 0.00 1.11 348 0.00
i=6 —3.28 0.84 -0.17 0.00 0.00 0.24
PDT j=1 j= j= j= j=5 j=
i=1 16.81 5.95 8.40 0.00 -1.52 0.00
i=2 5.95 11.69 7.57 0.00 —0.33 0.00
i=3 8.40 7.57 11.82 0.00 -0.58 0.00
i=4 0.00 0.00 0.00 4.71 0.00 0.55
i=5 -1.52 -0.33 —0.58 0.00 4.24 0.00

i=6 0.00 0.00 0.00 0.55 0.00 3.95
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TABLE 8 Young Modulus (E, GPa) and Poisson Ratios (v) for the studied diazonium crystals

Axis E (GPa) Poisson ratios (v)

PDC
X 20.8905 ) —3.9822 e 4.4586
y 2.2123 Eyx —0.4217 E,, 1.2375
z 1.2694 e 0.2709 B 0.7100

PDT
X 10.4997 ) 0.0850 e 0.6433
y 6.8094 Eyx 0.0551 E,, 0.6025
z 54162 e 0.3318 B 0.4792

hence, the metallization point occurs faster. Conversely, the obtained close values of bulk moduli unable to explain such a big difference in the band
gap closure rate. Obviously, under compression, a structural rearrangement within the asymmetric cell takes place; therefore, these two functions,
0V/0P and 0Eg,,/0P, can have different slopes. As a result, one cannot use bulk moduli to estimate the position of the metallization point. However,
these can provide a crude qualitative description of the relative impact sensitivity.

It is interesting to consider the influence of the crystal growth morphology on impact sensitivity. Obviously, most of the HEDM, which are
undergone by the drop weight test are polycrystalline samples. This means that the crystal habit can affect the impact sensitivity. Indeed, when a
weight is dropped on the sample surface, the impact energy is transferred to the surface crystals and subsequently to the inner crystals via the con-
tact points between them. From this viewpoint, if polycrystals in the sample are loosely packed, some part of the impact energy is spent on consoli-
dation of polycrystals. As a result, an effective compression of polycrystals is reached at higher impact energies and, hence, at higher drop heights.

It is clear that no consolidation is expected when the crystal shape is spherical. Thus, the more the crystal habit deviates from the ideal spherical
shape, the less sensitive sample is expected. To quantify such deviation of the crystal habit, we have applied the values of sphericity (W), which can
be expressed as the following Equation 5.

_ Scryst

= W , (5)
where Scryst and Vs are the surface and volume of the crystal. The ¥ value determines how much the surface-volume ratio in a crystal differs
from that in a sphere of the same volume.

To check this supposition, we have calculated the crystal growth morphology for the PDC and PDT crystals. The obtained crystal habits
together with the corresponding W values are illustrated in Figure 6. As one can see in Figure 6, the PDC crystals are somewhat closer to spherical
shape than PDT. Again, this difference is rather small to provide a crucial influence on impact sensitivity, but in combination with other factors (met-
allization point, bulk modulus, vibratioal spectra structure) this can contribute to the value of impact sensitivity of a polycrystalline sample. Finally,
since the drop weight test is usually undertaken for polycrystalline samples, the calculation approach assuming the use of isotropic compression is

reasonable. Anisotropic impact sensitivity can be possible only when manipulations are carried out with a single crystal.*?

FIGURE 6 Crystal habits of the PDC (A) and PDT (B) together with the corresponding ¥ values
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Finally, we have checked the relative amount of the stored energy in PDC and PDT. To perform these calculations one need to obtain the

solid-state heat of formation (AH?(S)). Different methods for the calculation of heat of formation can be found in the literature. These include isodes-

mic (isogyric) reactions, atom equivalent method, and so forth. The values obtained this way are the gas-phase heats of formation which should be

then transformed to the solid-state values. In this article, we have applied the following approximation:>*

0 _ A0
AH(s) =AH(g) =AM, (©
where AH?(g) and AH,p, are the gas-phase enthalpy of formation and sublimation, respectively. These can be expressed using Equations 7 and 8.°%
AHgub(T)=—Ejat—2RT (7)
Es
Epat= 7 —Eg. (8)

Herein, Ey. is the lattice energy obtained using the energy of the crystal (Es) and a formula unit in the gas-phase (E); Z is the number of formula
units per asymmetric cell.’>® Since we want to compare AHf(S for PDC and PDT, which have the same cation, the situation can be simplified. Thus,
we no need to calculate AH?(S) values explicitly, but can use only the difference between them.

Taking into account Equations 6-8, after transformations we obtain the following expression:

1 1
AAHfO(S) 7AH g)ClI~ AH 9)BF4~ —E¢- +EBF4* + E Eppc— E Eppr ©9)

Herein, AH?(g)C,, and AH?(QBFA, are the gas-phase heats of formation of the chloride and tetrafluoroborate anions; E¢i- and Egr,- are the total
energies of these ions in vacuum; Eppc and Eppr are the total energies of an asymmetric cell for PDC and PDT, respectively; n and m are the num-
bers of formula units per asymmetric cell (hn = m = 4). The values of AH?(g)C,, (363 kJ mol™%) and AH?(g)BFA, (-1687 kJ mol™1) have been found in
the database. The rest energies have been obtained at the GGA/PBE/DND level of theory using the DMol® code.!*”! As it follows from these cal-
culations, the AH% value is higher by 1930 kJ mol~?* for PDC compared to PDT.

To calculate the energy released by the decomposition of PDC and PDT one should take into account the detonation products.®> According
to the H,O—CO, arbitrary, the decomposition reactions for the studied diazonium salts can be presented as the following (the experimental AH§J
are taken from the database!>*):

CsHsN2 " CI" — 5Cg+ Np+ CHa+ HCI AHO=—167 kJ mol
CsHsNy*BFy™ — 1/2BoFs+ 2HF + 21/4Cig + Ny+ 3/4CHgq AH? = —1319 kJ mol ™!

As it follows from these equations, the PDT products are more stable than the PDC products by 1152 kJ mol ™. Taking into account that
PCD and PDT contain 14 and 18 atoms, respectively, the energy content (Ey) is by 1000 kJ mol™* larger for PDC with respect to the value for
PDT. This conclusion is in the complete accord with the energy content approach.?”! This quantity can be considered as an additional descriptor
of impact sensitivity for the studied crystalline aryl diazonium salts. It is worth noting that the enthalpies of sublimation are rather close for
PDC and PDT (746 vs. 626 kJ mol™%). Thus, the main reason of such different solid-state enthalpies is due to the gas-phase heats of formation

of the anions.

4 | CONCLUSIONS

In summary, we have performed a comprehensive theoretical study of two crystalline phenyl diazonium salts, PDC and PDT, as probes for evalua-
tion of the solid state properties, which can serve as criteria of impact sensitivity. In the presented work, we have calculated and analyzed crystal
structure, electronic properties, vibrational spectra, elasticity, crystal growth morphology, and the solid-state enthalpies of formation. The obtained
results clearly suggest that most of the obtained properties are rather close for the studied salts. Only two parameters were found to be different
enough. The first of them determines the pressure value, which corresponds to a zero band gap (so-called metallization point) and the second quan-
tity is the stored energy content. These two descriptors can be applied as criteria of impact sensitivity.

Indeed, the PDC crystal possesses a rather small metallization point (29 GPa), whilst the PDT crystal is extremely stable and demon-
strates the value of 200 GPa. These results are in agreement with the experimental pattern of aryl diazonium salts sensitivity.””) The results
of theoretical analysis of the rest possible factors affecting impact sensitivity, namely, energy transfer probability, bulk modulus, crystal
growth morphology, and so forth agree with the hypothesis about the role of filling of conduction bands in the decomposition process initi-
alization. The role of low-lying excited states in impact sensitivity should be done in further theoretical studies. It is known that the nucleo-

571 is very

philicity/electrophilicity parameters!®® as well as chemical reactivity of the aryl cations (former aryl diazonium cations fragments)
different in the excited singlet or triplet state. Thus, the analysis of electronic excitations at different pressures is very interesting and will

be performed in upcoming work.
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