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Abstract: Two novel energetic anti-perovskite compounds with the chemical formula (N;Hs)3 X[B1oHyz]
- HyO, where X~ is either [NO3z]™ or [ClO4]~, were successfully synthesized. Both dodecahydro-
closo-dodecaborates crystallize orthorhombically in the space group Cmc2;, exhibiting relatively sim-
ilar lattice parameters ((NpHs)3[NO3][B1oHio] - HyO: a = 915.94(5), b = 1817.45(9), ¢ = 952.67(5) pm,
(N2H5)3[ClO4][B12H12] - HyO: a = 1040.51(6), b = 1757.68(9), ¢ = 942.34(5) pm both for Z = 4). Their
synthesis involved a two-step process: first, Cs;[B1pHjy] passed through a cation exchange column
to yield the acidic form of the dodecahydro-closo-dodecaborate, (H30),[B12Hj]. This aqueous solu-
tion was subsequently neutralized with hydrazinium hydroxide and mixed with the corresponding
water-dissolved hydrazinium salt (nitrate or perchlorate). Characterization of the obtained crystals
was performed by single-crystal X-ray diffraction and Raman spectroscopy as well as thermal analy-
ses (TG-DTA and DSC). The crystal structure determinations revealed that both compounds adopt a
hexagonal anti-perovskite structure, distorted by the presence of water molecules. These compounds
containing oxidizing oxoanions demonstrate a remarkable ability to release large amounts of energy
(almost 2100 J/g) upon thermal decomposition.

Keywords: hydroborates; crystal structures; hydrazinium salts; anti-perovskites; energetic materials;
thermal analyses; vibrational spectra

1. Introduction

Energetic materials were initially discovered around 220 BC [1], but their need sig-
nificantly surged after the industrial revolution. This rapid growth in demand can be
attributed to the wide-ranging applications of these materials in the new industrial world,
including their use in mining [2], construction and demolition [3], propellants [4], oil and
gas exploration [5], and pyrotechnics [6], among others. Hydrazine (diamine or diazane),
characterized by a single nitrogen-nitrogen bond, serves multiple roles in the field of ener-
getic materials, including functioning as a primary explosive, as seen in the case of nickel
hydrazinium nitrate [7], and as a propellant for spacecrafts [8], in addition to its use in
pyrotechnics [9]. Anhydrous hydrazine is a challenging chemical to handle, primarily due
to its array of hazardous properties. These properties include high toxicity, the potential
for vapor-phase flammability, and the risk of detonation even in the absence of air. As a
result, working with anhydrous hydrazine demands specialized training and the use of
sophisticated equipment [10]. Neutral hydrazine can be protonated to form (N,Hs)* and
subsequently used as cation to create various salts. Examples of such ionic salts include
hydrazinium nitrate [11] and hydrazinium perchlorate [12].

On the other hand, hydroborates, particularly dodecahydro-closo-borate [BioHpp %,
have been well-known since 1960 [13]. The compounds and derivatives of these hydro-
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borates have attracted many researchers due to their unique properties [14]. Alkali- and
alkaline-earth metal compounds featuring [B1oHio]?~ as a counter-anion have demonstrated
relatively high stability across a broad temperature range. For instance, Csy[B1oH;z] [15]
and Cs3Cl[B,Hj;] remain solid and stable up to temperatures of around 700 and 900 °C,
respectively. Recent developments in the field of energetic hydro-closo-borate compounds
in combination with hydrazinium like (NoHs),[B1oH10] [16] and (N2Hs)2[B1oH12] [17] have
shown promise for further research. Since they exhibit significant energy release during their
thermal decomposition. For instance, (N2Hs)2[B1gHio] - 2 NoHy and (N2Hs)p[B1oHio] - 2
N,Hj release approximately 2300 and 1600 J/g, respectively [16], upon decomposition under
inert gas atmosphere (N;). This energy release makes them noteworthy candidates for further
studies in the field of energetic materials.

Perovskite materials made their debut in 1839 with the discovery of CaTiO; [18],
marking a pivotal moment in the field. This landmark event laid the groundwork for
extensive research and exploration in the domain of oxide-based materials. Even today,
perovskites remain one of the most actively studied subjects in the realm of chemistry [19],
thanks to their versatility and a wide array of applications that range from photovoltaics [20]
to sensor materials [21]. In contrast, anti-perovskite materials share the same elemental
composition as perovskites, but with an inverse charge arrangement. Unlike perovskites,
which typically feature a divalent and a tetravalent cation such as calcium and titanium,
anti-perovskites incorporate two negatively charged anions of different size, resulting
in an altered charge distribution pattern [22]. Previous research on dodecahydro-closo-
dodecaborates and the synthesis of various anti-perovskite compounds, such as luminescent
TI3CI[B1oH1»] [23], K3Br[B1oHio] [24], Cs3[BH4][B12H12] [25], and in the latest research
Cs3X[B1oHi2] (X™ = [NO3] 7, [ClO3] ™ and [ClO4] ™), as the first energetic anti-perovskites
synthesized and characterized [26] has shown their unique properties as they remain intact
until temperatures around 330 °C and are capable of releasing about 2000 J/g. These
studies have demonstrated their suitability as large divalent anions for the synthesis
of anti-perovskite compounds. Despite the extensive body of research on applications
and properties of perovskite and anti-perovskite materials, the investigation of energetic
perovskites remains relatively limited in comparison to other topics [27-29]. These energetic
perovskites (ABX3) are characterized by the presence of a monovalent cation, such as
sodium or ammonium, at the A-site, a divalent cation, like diprotonated diamines, at
the B-site, and a strong oxidizer, such as nitrate or perchlorate, at the X-site. In contrast,
energetic anti-perovskite compounds exhibit a different composition. In the presented
compounds, the A- and X-sites contain energetic materials and fuels such as (N;Hs)* and
[B12H12]%~, and on the B-site, the oxidizer is located to result in (NyHs)3[NO3][B12Hy2] or
(N2Hs5)3[ClO4][B12Hi12]. This arrangement differs from traditional perovskite structures
and is tailored to enable unique and controlled energetic properties in these materials.
In this research, the crystal structure, thermal behavior, and energetic properties of the
two novel compounds (N2H5)3 [NOg][Blelz] . Hzo (I) and (N2H5)3[CIO4][312H12] . HZO
(IT) are analyzed with single-crystal X-ray diffraction, thermogravimetry (TG), differential
scanning calorimetry (DSC), and Raman spectroscopy.

2. Materials and Methods
2.1. Synthesis

The two new anti-perovskite compounds featuring dodecahydro-closo-dodecaborate
anions were obtained by dissolving Cs;[B12H12] (ABCR; Karlsruhe, Germany) in a mini-
mal amount of distilled water and passing it through a 40 cm-length column filled with
a cation exchange membrane Amberlite® 120-IR (Sigma-Aldrich; Burlington, VT, USA).
Subsequently, the aqueous solution of (H30);,[B1,H1,] was neutralized with hydrazinium
hydroxide (N,Hs)[OH] (Merck; Darmstadt, Germany). A 1:1 molar ratio of the appropriate
freshly prepared hydrazinium salts [16], synthesized before by mixing hydrazinium hy-
droxide and 70% nitric acid (Sigma-Aldrich; Burlington, VT, USA) or perchloric acid (70%,
Fisher Scientific; Waltham, MA, USA), was added to portions of this solution (Figure 1). The
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resulting clear brines were subjected to isothermal evaporation at room temperature, lead-
ing to the formation of transparent and colorless single crystals of the respective hydrated
salts (NoHs)3X[B1oHyo] - HoO (X~ = [NO3] ™ and [ClO4] 7).

(N-H5)[OH]
cation-exchange resin
(_-'SZ{BIZHJL‘[ (HSO)Z[BJZHlﬂ (NZHS)Z[BJZHlﬁ

neutralization

HCO, netitralization (N,H;)[NO3] isothermal evaporation (N;H3)3[NOs][BsHys] - RO (I)

HNO; (N;H)[CIO,] 1+ ettt mihure (N>H)s[CIO4[B1,H,] - O (1)

disolved in minimum water
(N,H5)[OH]

Figure 1. Synthesis flowchart for compounds (I) and (II).

2.2. Characterization Technigues
2.2.1. X-ray Crystallography

Single-crystal X-ray diffraction data were obtained using a Nonius k-CCD diffrac-
tometer (Karlsruhe), utilizing Mo-K« radiation that was graphite-monochromatized to a
wavelength of A = 71.07 pm. The entire process, from the initial structure solution using
direct methods to subsequent structure refinement, was carried out using the SHELX-97
program [30,31]. Precise atomic positions were determined via difference Fourier maps
derived from the collected data, enabling the anisotropic refinement of all non-hydrogen
atoms. Detailed information on data collection and final structure refinements can be found
in Table 1. Supplementary data related to structure refinements are accessible through the
Fachinformationszentrum (FIZ) Karlsruhe (D-73644 Eggenstein-Leopoldshafen, E-mail:
crysdata@fiz-karlsruhe.de), cross-referenced with the numbers provided in Table 1. Frac-
tional atomic positions are additionally provided in Tables S1 and S2 of the Supplementary
Material. It is noteworthy that hydrogen atom positions were determined via electron-
density maps generated by difference Fourier syntheses using X-ray diffraction data. No
further calculations or corrections were deemed necessary as the positions of these hy-
drogen atoms are well-defined based on their precise angles and distances in relation to
other atoms.

Table 1. Theoretical and real amount of nitrogen and hydrogen in compounds (I) and (II).

Compound N (Theoretical/Found) % H (Theoretical/Found) %
(N2Hs5)3[NOs][B12Hi2] - HO 30.54/30.48 9.11/9.09
(N2H5)3[ClO4][B12Hy2] - HoO 23.45/23.34 8.15/8.10

An aliquot of the samples was mounted onto a STADI-P diffractometer manufactured
by Stoe & Cie (Darmstadt, Germany). Subsequently, it underwent measurement utilizing
Cu-Ko radiation with a wavelength of 154.06 pm under transmission conditions. The
measurement scope for the both compounds ranged from 26 = 5 to 60°, with the objective
of confirming the phase purity of the samples. The Supplementary Material contains
Figures S1 and S2, where the comparison between the calculated and the sample data can
be observed.

2.2.2. Raman Spectroscopy

Raman spectroscopic analyses using the DXR Smart Raman system, developed by Thermo
Fisher (Waltham), were conducted, operating at an excitation wavelength of A = 740 nm. The
spectroscopic data obtained during these analyses were thoroughly examined.
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2.2.3. Thermal Analysis

In this investigation, thermal analyses were conducted using two different instruments.
The first instrument, a STA 449 C Jupiter by Netzsch (Selb, Germany), equipped with
alumina crucibles, played a crucial role in the study. TG analysis was performed in
alumina crucibles at a heating rate of 5 K min~! under an argon atmosphere. The second
instrument, a DSC 201 also from Netzsch (Selb, Germany), functioned as a differential
scanning calorimeter with a heating rate of 5 K min~! and a nitrogen flow of 20 mL min~?.

Samples were prepared in aluminum crucibles with a maximum temperature of 600 °C.

2.2.4. Elemental Analysis

The elemental analysis performed during our investigation aimed to determine the
nitrogen and hydrogen content in both compounds in order to verify the purity of the sam-
ples using an Elementar CHNS Analyzer Vario MICRO Cube (Langenselbold, Germany).
The quantities of hydrogen and nitrogen as elements, both theoretical and found in the
samples, are presented in Table 1.

3. Results
3.1. Crystal Structures

The crystal structures of two newly synthesized energetic compounds, (N2Hs)3[NO3][B12Hiz]
- HyO (I) and (N2H5)3[ClO4][B12H12] - H>O (II) have been successfully determined and refined.
Both of these compounds exhibit the same non-centrosymmetric orthorhombic space group,
namely Cmc2;. Furthermore, the lattice parameters for these two compounds are quite similar:
a=915.94(5) pm, b = 1817.45(9) pm, ¢ = 952.67(5) pm for (N,H5)3[NO3][B1,Hjz] - HyO (I), and
a = 1040.51(6) pm, b = 1757.68(9) pm, c = 942.34(5) pm for (N2Hs)3[ClO4][B12Hi2] - HO (II).
Additional crystallographic details for these structures can be found in Table 2, and it is worth
mentioning that both needed to be refined as inversion twins.

Table 2. Crystallographic data for the crystal structures of compounds (I) and (II) and
their determination.

Compound (N,Hs)3[NOs1[B12Hyz] - HyO (D) (N2H5)3[C104][B12Hyo] -

H,O (II)
temperature, K 293 293
crystal system orthorhombic orthorhombic
space group Cmc2; (no. 36) Cmc2; (no. 36)
formula units, Z 4 4
a, pm 915.94(5) 1040.51(6)
b, pm 1817.45(9) 1757.68(9)
¢, pm 952.67(5) 942.34(5)
Deal, g cm™3 1.34 1.22
Vi, cm® mol~! 238.8(1) 259.5(1)
#(MoK ), mm™! 0.09 0.24
F(000), e~ 680 752
hkl range +(12, 23, 12) +(13, 22, 12)
Omax,® 28.55 27.48
reflections measured 11,324 14,845
reflections unique 1102 1144
Rint, R 0.087, 0.042 0.096, 0.051
Ry, wRy 0.055, 0.144 0.045, 0.107
GooF 1.068 1.047
CSD number 2331546 2331555

For compounds (I) and (II), all the ionic species exhibit typical distances and angles.

In the case of the nitrate anion, the N-O bonds show lengths ranging from 121 to 126 pm,
and the O-N-O angles fall within the interval of 119 to 121° [32]. Regarding the perchlorate
anion, the Cl1-O bonds have lengths varying from 139 to 143 pm, and all O-Cl-O angles are
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approximately 110° [33]. Similarly, for the boron cluster [B12H12]?~, the B-B bonds fall into
the range of 172 to 180 pm [13] and the B-H bond lengths were restricted to 110 pm with
the AFIX command in the SHELXS suite [30,34] for compound (I), and they range from
98 to 118 pm in compound (II). The N-N bonds in hydrazinium cations are about 142 pm
long [12] and all the N-H bonds have various lengths in a broad array from 56 to 97 pm.
Both compounds crystallize with one water molecule in their formula unit, exhibiting bond
lengths of d(Ow-Hw) = 51-62 pm and angles of about 79-85°, but further attempts to
obtain anhydrous single crystals were not successful.

3.1.1. (N2H5)3[NOs][B12H1z] - HyO (I)

Hydrazinium nitrate dodecahydro-closo-dodecaborate hydrate (Figure 2) crystal-
lizes in the orthorhombic space group Cmc2; with unit-cell parameters of a = 915.94(5),
b =1817.45(9) and ¢ = 952.67(5) pm. Within the unit cell of this compound (I), there is only
one crystallographically unique nitrate anion [NO3]~, which is located on the bc mirror
plane. Additionally, there is one crystallographically unique boron-cluster [Bj;Hpo]?—,
which is bisected by the bc mirror plane. Furthermore, two distinct hydrazinium cations
(NpHs)" are present in the crystal structure: hydrazinium 1 (N1-N2) is positioned on the bc
mirror plane, and hydrazinium 2 (N3-N4) is situated on the glide plane along b.

Figure 2. Extended unit-cell content of the crystal structure of (N,Hs)3[NOs3][B1,Hjz] - HoO (I).

The empirical formula reveals that compound (I) adopts an anti-perovskite (A3BX)
structure (Figure 3, right). In its crystal structure, each nitrate anion is surrounded by six hy-
drazinium cations, providing a distorted octahedral coordination environment (Figure 4),
which is influenced by the presence of water molecules, exhibiting a 10.5% relative standard
deviation (RSD) from the nitrogen center. Two of the faces, trans-oriented for each octahe-
dron, are shared along the c-axis.

The crystal structure of compound (I) exhibits a complex network of classical hydrogen
bonding interactions (Figure 3). These interactions involve hydrazinium cations, nitrate
anions, and water molecules, forming a cohesive network comprising three distinct types
of hydrogen bonds: hydrazinium-hydrazinium (N®~-H?%*...N®~), hydrazinium-nitrate
(N®~—H?%*...0%7), and water-hydrazinium (0%~ -H%*...N%") interactions. In this complex
network, each water molecule (Ow and Hw) is engaged with two crystallographically
distinct hydrazinium cations. Specifically, Ow forms a hydrogen bond through H12 to N1
of hydrazinium1 (Ow---H12-N1), with a distance of 242(4) pm and an angle of 111(3)°. On
the other hand, hydrazinium 2 is connected to the water molecule via Hw (N4---Ow-Hw).

The nitrate anion serves as the central node of this hydrogen-bond network with all
oxygen atoms intricately connected to surrounding hydrazinium cations. For instance,
O1 is linked to N1 and N4 via H12 and H41, while O2 interacts with hydrazinium 1
and hydrazinium 2 cations through H11 and H31, respectively, with nearly identical
bond lengths of 228(3) and 235(4) pm, and angles of 121(4) and 120(3)°, respectively.
Furthermore, O3 forms a connection with N1 via H11 (bond length: 205(5) pm; angle:
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160(5)°), highlighting the intricate nature of the hydrogen-bonding interactions in this
system. Finally, N2 of hydrazinium 2 is involved in hydrogen bonds with N3 of the same
hydrazinium cation via H32. Detailed information regarding the bond lengths and angles
of all relevant hydrogen bonds is provided in Table 3.

Figure 3. Distorted hexagonal anti-perovskite setting of (N,Hs)3[NO3][B12Hyp] - HyO (I) in two

different views.
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Figure 4. Illustration of the classical hydrogen-bond system in (NyHs)3[NO3][B1pH;iz] - H,O (I).

Table 3. Hydrogen bonds in the crystal structure of (N;Hs)3[NO;3][B1oHio] - HyO (I).

Interaction Hydrogen-Bond Length (d/pm) Angle (£L/°)

Ow---H12-N1 242(4) 111(3)
O1.---H41-N4 284(5) 120(53)
O1.---H12-N1 280(4) 99(3)

02:--H11-N1 228(6) 121(4)
02---H31-N3 235(4) 120(3)
03.--H11-N1 205(5) 160(5)
N2.---H32-N3 215(4) 177(3)
N4.--Ow-Hw 218(4) 166(5)

Classical hydrogen bonding reveals another reason for the distortion of octahedra,
namely that O1 has four hydrogen bonds, two to N1 and N4 via H12 and H41, and also O2
and O3 have one bond to N1 and N3 via H11 and H31, so these six bonds are holding the
nitrate anions in their distorted position and not exactly in the barycenter of the polyhedron
(Figure 5).
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Figure 5. Face-shared setting of the octahedral environment of nitrate anions by hydrazinium cations
in (N2Hs5)3[NO;3][B12Hi2] - HyO (D).

Another hydrogen-bonding system in this compound (I) (Figure 6) involves dihy-
drogen bonds (N®~-H?%*...H3~-B%*), which result from the interaction between the nega-
tively polarized hydrogen atoms at the boron-cluster anions [B1oH12]?> and the positively
charged hydrogen atoms at the hydrazinium cations (NoHs)*. This dihydrogen bond
network contributes to the overall bonding complexity within the crystal structure. In
this structural motif, each boron cluster is surrounded by ten hydrazinium cations with
H---H distances ranging from 218 to 254 pm and one water molecule 245(1) pm apart. As
a result, the icosahedral boron cluster exhibits a coordination number of eleven in this
specific arrangement.

b

A

|
a

C -

yaa At @B

R
Figure 6. Dihydrogen-bonding system in (N2Hs)3[NO3][B12Hi,] - HyO (I).

3.1.2. (N2H5)3[ClO4][B12Hi2] - HoO (II)

Hydrazinium perchlorate dodecahydro-closo-dodecaborate hydrate also crystallizes
in the orthorhombic space group Cmc2; with the unit-cell dimensions of a = 1040.51(6),
b =1757.68(9) and c = 942.34(5) pm. Just like compound (I), the almost isotypic structure of
compound (II) consists of one crystallographically distinct boron-cluster anion [B1oHpp 12,
one perchlorate anion [ClO4]~, one water molecule H,O, and two hydrazinium cations
(NpHs)*. The boron cluster, the perchlorate anion, the water molecule, and the hydrazinium
cation of type 2 (N3-N3) are situated on the bc mirror plane. The crystallographic properties
of hydrazinium 2 present a challenge, as each of the nitrogen atoms in these hydrazinium
cations accommodates three hydrogen atoms, while one of them needs to carry only two
of these to form a (NHs)* cation, due to the presence of a mirror plane. The mirror
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plane complicates the determination of the positions of all hydrogen atoms accurately.
Consequently, the hydrazinium cation associated with the mirror plane is identified with
only four hydrogen atoms in this presentation for the sake of a proper description of
the hydrogen bond system. Additionally, the presence of another hydrazinium cation
(hydrazinium 1: N1-N2) without any complications on the glide the plane along b further
contributes to the intricate crystallographic nature of the compound (II).

Examining compound (II) in greater detail provides insights into the relevant poly-
hedra within the unit cell (Figure 7), again revealing a consistent pattern of distorted
hexagonal pillars sharing faces along the crystallographic [001] direction. Despite the dis-
tortions introduced by the water molecules also in this composition, a discernible hexagonal
arrangement persists.

(. barycenter of
hydrazinium

Figure 7. Distorted hexagonal anti-perovskite setting of (NyHs5)3[ClO4][B1,Hj2] - HyO (II) in two
different views.

The hydrogen-bonding network within the structure of (N,Hs)3[ClO4][B12H12] - H,O
(IT) is characterized by a complex array of interactions involving hydrazinium cations,
perchlorate anions, and water molecules (Figure 8). As previously mentioned, the existence
of the bc mirror plane makes it difficult to find proper hydrogen locations and the number
of hydrogen atoms in hydrazinium 2, so the pictures of the hydrogen-bond system were
created after removing H33, which has the least interaction in hydrogen bonding, but
should show half-occupation (Table S2). However, the picture of the full hydrogen-bonding
scheme is available as Figure 53 in the Supplementary Material. These interactions play a
crucial role in stabilizing the structure and influencing the properties of compound (II). The
hydrogen bond between O1 and Hw—Ow, with a bond length of 265(3) pm and an angle
of 128(4)°, underscores the interaction between the water molecule and perchlorate anion.
Similarly, the hydrogen bond between O1 and H21-N2, with a bond length of 310(4) pm
and an angle of 126(4)°, highlights the interaction between perchlorate and hydrazinium.
Furthermore, the interactions between O2 and H13-N1 (bond length: 225(4) pm; angle:
147(3)°) and O2 and H32-N3 (bond length: 234(5) pm; angle: 158(4)°) emphasize the
involvement of hydrazinium and perchlorate in stabilizing the crystal lattice. Similarly,
interactions between O3 and H13-N1 (bond length: 234(4) pm; angle: 126(3)°) and O3
and H22-N2 (bond length: 271(4) pm; angle: 111(3)°) highlight the intricate hydrogen-
bonding network. Additionally, the hydrogen bond between Ow and H31-N3 (bond
length: 246(6) pm, angle: 126(5)°) and between N3 and H11-N1 (bond length: 237(5) pm;
angle: 166(6)°) further contribute to the structural stability of the compound. Overall,
these hydrogen-bonding interactions collectively govern the structural arrangement and
properties of (NoHs)3(ClO4)[B12H12] - HoO (II), emphasizing the intricate interplay between
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its constituent ions and molecules. The detailed bond lengths and angles of all relevant
hydrogen bonds in compound (II) are listed in Table 4.

Figure 8. Sketch of the classical hydrogen-bond system in (N;Hs)3[ClO4][B12H;,] - HoO (II).

Table 4. Hydrogen bonds in the crystal structure of (NyHs)3[ClO4][B12H12] - HyO (II).

Interaction Hydrogen-Bond Length (d/pm) Angle (£/°)
O1---Hw-Ow 265(3) 128(4)
O1---H21-N2 310(4) 126(4)
0O2---H13-N1 225(4) 147(3)
02---H32-N3 234(5) 158(4)
03---H13-N1 234(4) 126(3)
O3---H22-N2 271(4) 111(3)
Ow---H31-N3 246(6) 126(5)
N3---H11-N1 237(5) 166(6)

In compound (II), similarly to compound (I), hydrogen bonding plays a crucial role
in shaping the structure. Unlike what is expected, the perchlorate anions do not reside
in the barycenter of the octahedra constructed by the (N,Hs)* cations, but instead move
closer to some of these hydrazinium units (Figure 9). This shift happens because of six
specific hydrogen bonds, such as (O2---H32-N3), (O1---H21-N2), and (O3:--H22-N2), each
occurring twice. These hydrogen bonds essentially nudge the perchlorate anions towards
the hydrazinium cations, causing them to deviate from their usual central position within
the trans-face shared octahedral pillar.

Figure 9. Face-shared setting of the octahedral environment of perchlorate anions by hydrazinium
cations in (N2H5)3 [CIO4][312H12] . Hzo (H)
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Another hydrogen-bonding system, which dominates the structure of (II), is created
by dihydrogen bonds. As previously mentioned, these bonds result from the negatively
polarized hydrogen atoms at the boron cluster and positively charged hydrogen atoms of
the hydrazinium cations, and are filling the surrounding environment of the [BioHp >~
icosahedra (Figure 10) with ten hydrazinium cations and one water molecule (coordination
number of eleven) with bonding ranges from 224 to 263 pm.

Z T w

Figure 10. Dihydrogen-bonding system in (NyHs)3[ClO4][B1pH;] - HpO (II).

3.2. Raman Spectroscopy

Raman spectroscopy was performed on (NHs)3[NO3][B1oHiz] - HO (I) and (N Hs)s[
ClO4][B12H12] - HpO (II) (Figure 11), revealing strong similarities in eight spectral regions
for both compounds. The first region, ranging from 3200 to 3300 cm !, corresponds to
the stretching vibrations of the symmetric and asymmetric N-H groups, which typically
occur within this frequency range. In the subsequent region around 2400-2500 cm ™!,
the symmetric breathing vibration of the boron cage is observed, which splits up due
to dihydrogen bonding, and this vibration primarily gets influenced by the stretching
mode of the B-H bonds. Weak bands in the vicinity of 1625 cm~! are attributed to the
deformation vibration of -NH3" groups. Additionally, there are weak bands between
1300 and 1400 cm !, corresponding to the rocking vibration of -NH, groups. Within
the 1080-1090 cm~! range, the rocking vibration of -NH3* groups become noticeable,
followed by B-B skeleton vibrations around 930-960 cm~!. The most intense band, found
at 750 cm !, corresponds to the symmetric breathing mode of the boron cage. The seventh
region, covering a range from 570 to 600 cm !, is associated with the deformation modes
of B-B-H and B-B-B bonds of the [BjsH;,]?>~ icosahedra. Finally, the last region below
200 cm ™! results from lattice vibrations ([23,24]). For compound (I), the intense symmetric
stretching mode of the nitrate anion is observed around 1050 cm 1 [35], and for compound
(II), there are three regions around 950 cm ™!, which belong to the symmetric C1-O stretching
modes (which here overlap with the B-B skeleton vibrations) at wavenumbers of 620 and
470 cm ™!, are linked with active and inactive deformation modes of the C1-O bonds [36],
and appear as unique peaks.



Crystals 2024, 14, 310

110f15

(N2H5)3[NO3][B12H12] i Hzo
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3197

Raman intensities (CPS)

(N,H;),[C1O,][B,,H,,] - H,O 3
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Figure 11. Raman spectra of (NyHj5)3[NO3][B1o2Hiz] - HyO (I) (top) and (NpHs)3[ClO4][B1oHip] -
H,O (II) (bottom) recorded at an excitation wavelength of A = 740 nm.

3.3. Thermal Analysis

Two different thermal analyses were conducted for compounds (I) and (II), thermo-
gravimetry (TG) and differential scanning calorimetry (DSC). The TG analysis of these
compounds (Figure 12) indicates that around 100 °C they start losing their water molecules,
which is around 5% mass for compound (I) and about 4% for compound (II), while theoret-
ically, the expected values should be 5.6 and 5.0%, respectively. The variance between these
values is attributed to the inherent inability of hydrate compounds to retain their water
molecules in a dry atmospheric environment, leading to gradual water losses. After that
point, the anhydrous compounds remain stable until temperatures around 250 °C, from
which on the entire structure starts to decompose, losing large amounts of mass, which is
around 40% for compound (I) and 32% for compound (II). This contrasts to the previously
described compounds Cs3[NO;3][B12H;i,] and Cs3[ClO4][B12H;12] [26], which have different
decomposition temperatures with onset points of 322 °C for the perchlorate- and 440 °C
for the nitrate-containing compound with mass losses of less than 2%, when these two
compounds start their decomposition at almost the same temperature. This decomposition
temperature is relatively close to the temperature, where dihydrazinium dodecahydro-
closo-dodecaborate dihydrazinate decomposes [16], which indicates that in compounds (I)
and (II), the hydrazinium cations are the primary cause of the decomposition reaction in
contrast to the cesium-hydroborate anti-perovskites. After the second step, no other mass
loss can be observed until a temperature of 500 °C.

TG /%
Mass Change: -4.89 %

100 Mass Change: -3.35 %
\:g;'_’_’ ———————

920

20 __ Mass Change: -39.57 %

L Mass Change: -32.35 %

60

50

50 100 150 200 250 300 350 400 450 500
Temperature /°C

Figure 12. Thermogravimetric diagrams of the thermal decomposition of compound (I) (blue) and
compound (II) (green).
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While the TG diagram displays a similar thermal decomposition pattern for both
compounds, the DSC analysis (Figure 13) reveals differences in the thermal behavior of
compound (I) and compound (II) prior to their final decomposition. As was previously
visible in the TG analysis, both compounds release water at temperatures lower than
100 °C with onset points of 87 and 74 °C for compounds (I) and (II), respectively. After
this step, compound (I) shows a visible phase change in the range from 107 to 122 °C
with three distinct peaks in the heating phase (107, 121, and 126 °C). In the cooling phase,
only two peaks are visible (109 and 122 °C), however. Since compound (II) does not
show any phase change, this transformation might be related to motions of the nitrate
group. The energy release patterns in the DSC for both compounds are relatively alike,
and a broad peak appears from 220 to 300 °C with one big peak and a shoulder next to
it in the final stage of decomposition. The diagram of energy release in the DSC is again
more similar to the decomposition of (NoHs),[B12Hio] - 2 NpHy rather than to the cesium-
hydroborate anti-perovskites with oxoanions. There is a notable difference in thermal
behavior of compounds (I) and (II) to other energetic compounds of the dodecahydro-closo-
dodecaborate family, such as the diguanidinium [37] and the dihydrazinium compounds
visible [16], since the mentioned examples always show a small endothermic peak right
before thermally decomposing, which can be assigned as activation energy, but in the
newly synthesized compounds (I) and (II), this phenomenon is not observable. The DSC
analyses also revealed the amount of energy release from these compounds, which is
around 1340 J/g (= 430 k] /mol) and 2130 J /g (= 760 kJ /mol) for compounds (I) and (II),
respectively. These numbers compare well with the cesium-oxoanion anti-perovskites
with [B1pHp2 %~ clusters, showing a bit of an increase in terms of energy release (1175
and 1950 J/g for Cs3[NOs][BioH2] and Cs3[ClO4][B12Hi2], respectively). The TG and
DSC diagrams indicate that the removal of water molecules from these compounds can be
achieved without causing their damage or thermal decomposition. However, it is important
to note that the crystallinity of both compounds is lost during this process. As a result, the
compounds become unsuitable for any single-crystal X-ray diffraction analysis.

DSC /(mW/mg)

| exo Onset: 74.1 °C (a)
05 Area: 41.68 J/g

o

-0.5

Area:-2131 J/g

150 200 250 300

Time /min

DSC /(mW/mg)

exo

l ()
Peak: 107.2 °C

3

2 Peak: 121.5 °C
Peak: 126.6 °C

1 Onset: 86.9 °C Aren:~1337 J/e

I
-1 Peak: 109.4 °C

Peak: 122.2 °C

0 50 100 150 200 250 300
Time /min

Figure 13. DSC curves of the phase change and the thermal decomposition of (NoHs)3[ClO4][B12Hjio]
- HyO (II) (a) and (N2Hs)3[NO3][B12H12] - H2O (I) (b).
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4. Conclusions

In this research, crystals of two new energetic compounds with empirical formu-
lae (NoH5)3X[B12H12] - HyO, where X~ is either [NO3]™ or [ClO4]~, were synthesized.
Single-crystal X-ray analyses show both orthorhombic compounds to have the same space
group, namely Cmc2,, and quite similar unit-cell parameters ((NyHs)3[NOs3][B12Hj2] - HyO:
a =915.94(5) pm, b = 1817.45(9) pm, c = 952.67(5) pm, and (N Hs5)3[ClO4][B12H;,] - HyO:
a =1040.51(6) pm, b = 1757.68(9) pm, ¢ = 942.34(5) pm, both for Z = 4). The change in the
molar volume from V,, = 238.8(1) cm?® mol~! for the nitrate- to V,, = 259.5(1) cm?® mol !
for the perchlorate-containing compound nicely reflects the replacement of a [NO3]~ with
a [ClO4]~ anion [38]. Further crystallographic investigations show the two compounds,
though heavily distorted by the presence of the water molecules in their structure, to still
exhibit hexagonal anti-perovskite structures, so each X~ anion ([NO3]~ or [ClOy4 ") is
surrounded by six hydrazinium cations, which create a distorted octahedral coordination
sphere, and these octahedra share trans-oriented faces along the crystallographic [001]
direction. The resulting pillars are bundled like a hexagonal rod-packing and held together
by the bulky [B12Hi2]*~ anions. A thermal analysis of these compounds shows that they
are capable of releasing energy up to 760 kJ /mol.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst14040310/s1, Table S1: (Fractional atomic coordinates and co-
efficients of the equivalent isotropic displacement parameters for (N,Hs)3[NOs][B1oHio] - HyO (I));
Table S2: (Fractional atomic coordinates and coefficients of the equivalent isotropic displacement
parameters for [NoH5]3[ClO4][B1oHip] - HyO (I)); Figure S1: (Powder X-ray diffraction pattern of
(N2H5)3[NOs][B12Hj2] - HyO (I) (top) and the calculated pattern (bottom)); Figure S2: (Powder X-ray
diffraction pattern of (N;Hs)3[ClO4][B12H;iz] - HyO (II) (top) and the calculated pattern (bottom)).
Figure S3: (Illustration of the classical hydrogen-bond system in (N2H;)3[ClO4][B12H;2] - HyO (IT) with
six hydrogen atoms for hydrazinium 2).
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