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Abstract: Nitro-substituted derivatives of carbazole represent an important class
of compounds with numerous industrial applications, including their role as
components of energetic materials. A systematic review of the literature revealed
that an effective, practical synthesis method for producing tetranitrocarbazole
(TNC) remains elusive. In the present work, we report the development of a new
and efficient one-pot nitration procedure utilizing potassium nitrate in fuming
sulphuric acid (oleum). This nitration system, comprising potassium nitrate in
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oleum (20% SO:s), was found to be significantly more effective for the synthesis of
1,3,6,8-tetranitro-9H-carbazole (1,3,6,8-TNC) (C1,HsN;sOg) than the conventional
nitration utilizing fuming nitric acid. A monocrystal of pure 1,3,6,8-TNC was used
for the detailed X-ray structure determination. It was found that TNC crystallizes
in the monoclinic crystal system, space group P21/c, specific crystal density: 1.765
(calc. from X-ray analysis, at —100 °C) or 1.73 g/cm? (at 20 °C, by pycnometry).
The main properties of TNC are: formula weight: 347.21; melting point: 296 °C;
flash point: 350 °C. 1,3,6,8-TNC can be used in various applications in millitary
practice, including pyrotechnic compositions and formulations of some specific
secondary explosives. The electron-accepting ability and quantum mechanical
properties of TNC closely resemble those of tetryl. Its overall explosive properties
are expected to be close to those of TNT and picramide.

Keywords: energetic materials, 1,3,6,8-tetranitrocarbazole, synthesis,
HPLC-MS analysis, X-ray diffraction

Supplemantary Information (SI):
The SI contains TNC crystal H-bonds description, bond lengths and selected
angles in the TNC molecule.

1 Introduction

Carbazole is a tricyclic aromatic heterocycle composed of two benzene rings
fused on either side of a five-membered nitrogen-containing ring (Figure 1).
Various synthetic procedures for this compound have been developed over the
years, but its primary industrial source remains the isolation from coal tar [1]. The
recovery of this compound from coal tar distillates is a well-established and cost-
effective process, which continues to be favoured due to its simplicity, high yield,
and the production of material with high purity. Originally described by Graebe
and Glaser in 1872 [2], this method has experienced only minor modifications
over time and continues to serve as a fundamental technique for carbazole
production, offering consistent efficiency, purity, and cost-effectiveness [3].
Distillation of coal tar within the boiling range of 300-360 °C yields anthracene
oil, which, upon cooling and standing, deposits a solid anthracene fraction. This
solid is typically separated by filtration and consists primarily of anthracene,
carbazole, phenanthrene, and acridine, in varying proportions. The carbazole
content within this fraction can range from 5% to 20% by weight, depending on
the source and composition of the coal. Purification of carbazole from the crude
mixture is typically achieved through selective extraction using organic solvents,
followed by fractional crystallization to obtain the compound in high purity.

Copyright © 2025 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



472 1. Sarlauskas, M. Jonusis, S. Jonusiene, N. Cénas, K. Krikstopaits, J. Stankeviciiité, Z. Anusevicius

7 N
g |9
H
Figure 1. Numbering order in the carbazole molecule

Carbazole is an industrially significant heterocycle, widely utilized in
the synthesis of dyes, fungicides, and also used in the manufacture of certain
polymers, such as poly(9-vinylcarbazole) (PVK) [1]. Due to their intrinsic
electron-donating properties, strong photoconductivity, and nonlinear optical
behaviour, carbazole derivatives have also attracted considerable interest in
electronic and photonic applications [6, 7]. Furthermore, these compounds
exhibit a broad range of biologically relevant activities, including antibacterial
[8-10], antitubercular [ 11], anti-inflammatory [ 12], and anticancer effects [13-15],
making them promising scaffolds in medicinal chemistry and drug development.

Moreover, nitro-substituted derivatives of carbazole represent an important
class of compounds with wide-ranging applications in the chemical industry and
as components of energetic materials [16-21]. Among these, 1,3,6,8-tetranitro-
9H-carbazole (1,3,6,8-TNC) is considered the most prominent polynitrated
derivative. During World War 11, this compound was employed under the name
Gelbmehl in combustible mixtures for use in time-delay fuses [22]. Today,
1,3,6,8-TNC remains relevant in modern ordnance, where it is utilized in energetic
formulations and propellant compositions.

In military practice, 1,3,6,8-TNC has been employed in various pyrotechnic
compositions, particularly in formulations for illumination and ignition devices
[23-31]. Beyond primary energetic roles, 1,3,6,8-TNC serves as an effective
desensitizing agent in formulations containing highly sensitive nitramines, such
as 1,3,5-trinitro-1,3,5-triazinane (RDX, hexogen) and 1,3,5,7-tetranitro-1,3,5,7-
tetrazocane (HMX, octogen). When added to these formulations, TNC helps
to significantly reduce the sensitivity to mechanical stimuli, such as impact,
friction, and electrostatic discharge, thereby enhancing the safety profile of the
final energetic composition [32].

The present paper focuses on nitro derivatives of carbazole, with particular
emphasis on the polynitro derivative 1,3,6,8-TNC, due to its increasing relevance
as an energetic material in various formulations [24, 29, 30]. The present study
investigated experimentally two distinct nitration methods, aimed at optimizing
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a one-pot synthesis of 1,3,6,8-TNC. Additionally, the crystal structure of TNC
was elucidated through single-crystal X-ray diffraction analysis, and a set
of physicochemical properties of this compound were characterized using
experimental and computational methods.

2 Experimental Part

2.1 Materials and test methods
All chemical reagents used for synthesis in this study were from Sigma-Aldrich
(Burlington, MA, US).

The melting points of the synthesized nitrocarbazoles were determined
using the open capillary method. The purity of the compounds was monitored
by TLC, using silica gel 60 F254 aluminium plates (Merck), and by LC-MS
analysis using a Shimadzu 2020. UV-VIS spectra of the compounds were recorded
using a Perkin-Elmer Lambda 25 UV-VIS spectrophotometer. IR spectra were
recorded as KBr discs on a Perkin-Elmer spectrophotometer (FT-IR Spectrum
BX II). NMR spectra were recorded using a Varian Unity Inova (400 MHz for
'"HNMR). For X-ray analysis a Bruker-Nonius’ diffractometer with a KappaCCD
detector was used. Diffraction radiation source: fine focus sealed tube; radiation
monochromator: graphite. In the crystal structures hydrogen atoms were located
and refined. Thermal analysis was investigated using a differential scanning
calorimeter Perkin Elmer DSC 8000. Density measurements were performed at
293 K using an AccuPyc 1330 Pycnometer (Micromeritics).

Cyclic voltammetry (CV) was carried out using a standard three-electrode
system, consisting of a glassy carbon working electrode (surface area: 0.1 cm?),
an Ag/AgCl reference electrode, and a platinum wire counter electrode.
Measurements were conducted using a computer-controlled potentiostat/
galvanostat (Parstat 2273, Princeton Applied Research). The CV data were
analyzed using the PowerSuite software package.

2.2 Computational details

2.2.1 General

All quantum mechanical computations were carried out using a PC Spartan
10 package (Wavefunction Inc., version 1.1.0, 2011, Irvine, CA, USA). Initial
geometry optimization was performed by semi-empirical PM6 Hamiltonian,
followed by full optimization at the B3LYP/cc-PVDZ level of theory, without
imposing symmetry constraints. The electrostatic potential surface (ESP), frontier
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molecular orbitals (FMOs), as well as their corresponding energies, were analyzed
at the same level of theory.

2.2.2 Assesment of DFT-based global and local reactivity indices

The DFT-based global reactivity indices of TNC, i.e. the chemical hardness (),
chemical softness (5), chemical potential (), electronegativity (y) and the absolute
electrophilicity index (w) were defined based on Koopmans’ approximation, in
terms of the energies of the highest occupied molecular orbital (Enomo, as the
vertical ionization potential, IP = —Euomo) and the lowest unoccupied molecular
orbital (ELymo, as the vertical electron affinity, EA = —ELumo), according to the
following expressions [33, 34]:

n = 1/8 = (ELumo-Enomo), # = —x = (EnomotErumo)/2
o = w’/(2n) = (©’/2)S (D

The local electrophilic and nucleophilic regions of the compound were
analyzed at the B3LYP/cc-pVDZ level of theory. Local reactivity indices were
evaluated in terms of the nucleophilic (Px~) and electrophilic (P*) Parr functions,
used as substitutes for the Fukui functions [35]. These values were derived from
the Mulliken atomic spin densities (ASD) of the radical anion and radical cation
species, obtained via single-point energy calculations using the unrestricted
UB3LYP formalism (UB3LYP/cc-pVDZ) based on geometries optimized for
the neutral state of the compound [35].

2.2.3 Assessment of bond dissociation energies (BDEs)

For assessment of the C—NO: bond stability of TNC, BDEs for a homolytic
cleavage reaction of the type R—NO2 — Re + NOz* were calculated. BDEs were
determined as the difference in electronic energies between the parent molecule
and its corresponding neutral radical fragments, according to the expression:

BDE = E(R*) + E(NO>* ) — E(R-NO>) )

To account for vibrational contributions, the BDEs were further corrected
for zero-point energy (ZPE):

BDE_»: = BDE + AZPE 3)

These calculations were performed at the B3LYP/6-31G(d) level, which has
been applied for the BDE computation of a wide range of polynitro energetic
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materials [36], allowing comparison of the BDEs obtained for TNC with those
reported for other polynitro explosive materials.

2.3 Carbazole nitration conditions and products

Mono- and dinitro derivatives of carbazole are well-documented in the literature
[37-46]. Under mild nitration conditions, such as treatment with equimolar HNO:s
in nitrobenzene, or nitrating with urea nitrate, carbazole undergoes regioselective
nitration predominantly at the 3-position (Figure 1), yielding 3-nitrocarbazole
[41, 44, 47-49]. The NH moiety of the fused pyrrole ring in carbazole acts as
an electron-donating group via both resonance and inductive effects, thereby
enhancing the reactivity of the aromatic system, particularly at the C-3 and
C-6 positions of the fused benzene rings, towards electrophilic substitution. As
shown in Figure 2(a), the nucleophilic regions, characterized in terms of the
absolute HOMO density distribution ((HOMO| map) and the nucleophilic Parr
function (Py) values, clearly indicate that the C-3 and C-6 positions are the most
nucleophilic centers, well aligning with their preferential reactivity in nitration.

HOMO
low h i EE———— P

(a) (b)

Figure 2. Absolute HOMO density ((HOMO], isovalue = 0.004 Bohr3?)
maps and nucleophilic Parr function (Pk") values for (a) carbazole
and (b) 3-nitrocarbazole (Note: HOMO densities were calculated
at the RB3LYP/cc-pVDZ level for the neutral species; Pk~ values
were derived from atomic spin densities of the corresponding cation
radicals at the UB3LYP/cc-pVDZ level, using geometries optimized
for the neutral forms)

Copyright © 2025 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



476 . Sarlauskas, M. Jonusis, S. Jonusiene, N. Cénas, K. Krikstopaits, J. Stankeviciiité, Z. Anusevicius

Similarly, alternative mild nitrating agents, such as tetranitromethane, also
exhibit a strong preference for substitution at the C-3 position. For instance, the
reaction of 0.25 M tetranitromethane with 0.25 M N-ethylcarbazole proceeds
slowly in both acetic acid and dichloromethane, yet affords exclusively 3-nitro-
N-ethylcarbazole (m.p. 126-127 °C) in 90% isolated yield after 30 days at room
temperature [50].

Further nitration of 3-nitrocarbazole with excess nitric acid in acetic acid
yields two dinitro isomers: 3,6-dinitrocarbazole (major) and 1,6-dinitrocarbazole
(minor) [37, 42, 48, 51]. This regioselectivity can also be rationalized based
on the distribution of nucleophilic sites in 3-nitro-carbazole, as illustrated in
Figure 2(b), showing that the highest nucleophilic center resides at C-6 position,
with a Py~ function value higher than in unsubstituted carbazole, while the local
nucleophilicity at the C-1 position, due to the nitro group at C-3, becomes
markedly lower.

Subsequent nitration of 3,6-dinitrocarbazole under carefully controlled
conditions using a mixture of concentrated H.SOs and HNOs, with a 20% molar
excess of nitric acid, led to the formation of 1,3,6-trinitrocarbazole [18, 51].

Murphy et al. [52] in 1953 nitrated carbazole with a HNOs/H,SO, mixture
at increased temperature (60-80 °C) and proposed the separation of two TNC
isomers: 1,2,6,8-tetranitrocarbazole (1,2,6,8-TNC), identified as the minor
component and 1,3,6,8-TNC, as the major component [52]. However, the
structural assignment of these isomers was based solely on IR spectroscopic
data and a single chemical characteristic, viz. the selective solubility of the
unsymmetrical isomer in sodium sulfite solution, which suggested its enhanced
reactivity. Given the limitations of these early analytical techniques, the structural
identification remains uncertain.

In the study reported herein we have attempted to improve the yield of TNC
synthesis and achieve unambiguous identification of both the major and the minor
nitration products, including trace-level components, through the application
of high-performance liquid chromatography coupled with mass spectrometry
(HPLC-MS). The overall nitration pathway and the identified structures of
the reaction products are provided in the following schematic representation
(Figure 3).
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Figure 3. Principal scheme of carbazole nitration reactions and the identified
products

3 Procedures Applied for TNC Synthesis

3.1 Method A
A flat-bottom flask was charged with fuming sulfuric acid (oleum, 20%
SOs, 100 mL) and cooled in an ice—water bath to maintain a temperature of
approximately 5-10 °C. Carbazole (15 g, 0.09 mol) was then added portionwise
to the sulfuric acid under continuous stirring with a magnetic stirrer. The reaction
mixture was allowed to gradually warm to 40-60 °C. Once the addition was
complete, the resulting brownish reaction mixture was stirred and maintained at
95-100 °C for an additional 3 h to ensure completion of the sulfonation process.
The mixture was then allowed to cool to approximately 60 °C. Subsequently,
powdered potassium nitrate (46 g, 0.45 mol) was added gradually in small portions,
with careful temperature control to ensure that the reaction temperature did not
exceed 90 °C during the nitration step. After the complete addition of potassium
nitrate, the reaction mixture was maintained at 95-100 °C for an additional 4 h to
ensure completion of the nitration. The mixture was then allowed to cool slowly
to room temperature with continuous stirring to prevent excessive flotation and
accumulation of the precipitated light yellow solid in the center of the vessel.
Finally, the reaction mixture was poured onto crushed ice, resulting in the
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formation of a precipitate, which was collected by vacuum filtration. The solid
was washed thoroughly with a 1:1 mixture of cold water and acetone to remove
residual acids and impurities. The resulting light yellow solid was air-dried to
afford 1,3,6,8-TNC as the major product (yield: 19 g, 62%).

The purity of the product, as determined by HPLC analysis, was
approximately 96%. Recrystallization from a nitrobenzene/benzene mixture
(1:10, v/v) yielded well-formed yellow crystals of a nitrobenzene solvate of TNC.
Upon drying at 100 °C in a fume hood overnight, the solvate was converted to
a fine white powder of pure TNC, with a melting point of 296 °C.

Other metal nitrates were also evaluated as nitrating reagents in this
procedure, including ammonium nitrate, sodium nitrate, and lithium nitrate.
These salts, however, did not offer advantages over potassium nitrate, resulting in
lower TNC yields and exhibiting undesirable properties such as hygroscopicity.

IR (KBr): 3438, 3091, 1826, 1654, 1618, 1597, 1551, 1541, 1484, 1424,
1394, 1374, 1327, 1292, 1251, 1204, 1128, 1077, 1063, 991, 933, 918, 856,
836,795,769, 744,738,713, 676, 665, 644, 619, 544, 518, 469, 453 cm-'. (Full
spectrum is shown in Figure 4).

UV =292, 332 nm.

NMR 'H spectrum (ds-DMSO, freq.- 400MHz): 11.95 (s, 1H, 9-NH). 10.00
(s. 2H; 4H- and 5-H) 9.09 (s, 2H; 2-H- and 7-H).

The HRMS (ESI) was calculated for C,;H,sN,O, [M + H]*" 409.19159;
found 409.19100.

HPLC-MS (EI, m/z): 346 [M-H]. HPLC-MS analysis is shown in in Figure 5,
Section 3.3.

Interestingly, the TNC obtained via Method A was free from analytically
detectable impurities, such as the trinitro- or other nitro-carbazole derivatives.
Notably, the isomeric form 1,2,6,8-TNC was not observed, even in trace amounts,
as confirmed by HPLC-MS analysis.

3.2 Method B
The synthesis of 1,3,6,8-TNC was performed under different one-pot conditions.
In the first step, carbazole (10 g, 0.06 mol) was sulfonated with oleum (containing
20% free SOs, 50 mL) under conditions similar to those described in Method A.
The resulting clear light brown solution at 50 °C was then carefully nitrated
by the dropwise addition of precooled 96% HNO; (20 mL). Due to the exothermic
nature of the reaction, external cooling using a water—ice bath was employed to
maintain the temperature. Upon completion of the addition of nitric acid (cooled
in a refrigerator at —18 °C), the cooling bath was removed, and the reaction
mixture was subsequently heated to 100 £5 °C and maintained at this temperature
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for 3 h. The mixture was then allowed to cool slowly to room temperature.

The reaction product was filtered off using a sintered glass funnel and
washed twice with 70% HNOs (precooled in a refrigerator at —18 °C), followed
by repeated washing with cold distilled water to remove residual acid. The raw
product obtained by Method B, when analyzed prior to recrystallization, was
found to contain minor traces (2-4%) of a specific impurity: trinitrocarbazole
sulfonic acid.

The HPLC-MS analysis of the crude 1,3,6,8-TNC product obtained by
Method B is shown in Figure 6. The majority of the sulfonated impurity can
be effectively removed by additional washing with cold nitric acid. Subsequent
recrystallization from acetic acid yielded pure 1,3,6,8-TNC, as yellowish
microcrystals with a melting point of 295-296 °C. The isolated yield was 12 g
(58%). The product obtained via Method B is considered sufficiently pure for
most practical applications.

®T

w19

56
T T T T T T
I6S0.0 32000 2800 2400 2000 1800

Figure 4. FT-IR spectrum of purified and recrystallized 1,3,6,8-TNC; key
absorption bands: 3438 cm™ (N-H stretching), 3091 cm™ (=C-H
stretching at positions 2, 4, 5, and 7), 1551 cm™' (symmetric
stretching of —NO2 groups), and 1327 cm™' (asymmetric —NO:
stretching)
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3.3 LC-MS analysis data of the recrystallized nitration reaction

product, 1,3,6,8-TNC (obtained from Method A)

LC-MS analysis of the recrystallized nitration product, 1,3,6,8-TNC,
obtained via Method A, is shown in Figure 5. The product was recrystallized from
a 1:1 nitrobenzene/benzene mixture and dried at 100 °C for 12 h. Notably, TNC
obtained by Method A showed no detectable trinitro- or pentanitroderivatives
as impurities.

<Chromatogram>

PDA Multi 1 254nm,4nm

. 7.13

0.0 2.5 5.0 7.5 10.0

UV Spectrum MS 1%Fectrum
Retention Time :7.13 min [M-
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]
(=
(=]
ﬁ

1500 50
1000
5004

(EI"‘"""\“‘““"\““““‘\““““‘

200 300 400 500 TR
nm 200 250 300 350 400 450 500 550
m/'z

Figure 5. LC-MS analysis of the purified 1,3,6,8-TNC sample obtained via
Method A
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3.4 LC-MS analysis data of recrystallized nitration reaction
product, 1,3,6,8-TNC (obtained from Method B)

LC-MS analysis of the raw nitration product 1,3,6,8-TNC, obtained via Method B,

is shown in Figures 6 (major product) and 7 (minor product). HPLC-MS analysis

detected minor amounts of a trinitrocarbazole sulfonic acid as an impurity in

the raw product.

<Chromatogram>
mAU
1000 PDA Multi 1 254nm,4nn]
750 7.133
500
250
01— | 1.904 { N7.835
— T ‘ . —— —— .
0.0 2.5 5.0 Tid 10.0
min
UV Spectrum MS 1Ef)tctrurn
Retention Time . 7.133 min M-H]-
Int,%
mAU 100
| 345.95
50
7|"“\““\"“\““\""\““\“"\““ 7
200 300 400 500 T e e
nm 200 250 300 350 400 450 500 550
n'z

Figure 6. LC-MS analysis data of the raw nitration reaction product TNC
(main peak at R.T.= 7.133 min)
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Figure 7. LC-MS analysis of the raw 1,3,6,8-TNC sample obtained via Method
B, showing a minor by-product identified as a trinitrocarbazole

sulfonic acid, observed at a retention time (R.T.) of 7.835 min
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3.5 X-ray structure determination of 1,3,6,8-TNC monocrystal

Amonocrystal of pure 1,3,6,8-TNC (melting point 296 °C) was grown from a solution
in dry nitromethane at 17 °C (room temperature) and was subsequently used for
detailed single-crystal X-ray diffraction analysis. Selected crystallographic parameters
and refinement details are summarized in Table 1 and in Supplementary Information.

Table 1.  Selected crystallographic data and refinement parameters for the
X-ray structure determination of TNC

Formula C1,HsNsOg

Form. weight [g mol™!] 347.21

Crystal system monoclinic

Space group P21/c

Colour/ Shape light brown plates from MeNO,

Size [mm] 0.21x0.17x0.04

a[A] 7.3465(3)

b[A] 15.0876(7)

c[A] 12.3372(5)

a[°] 90

£1°] 107.146(3)

y[°] 90

V [A3] 1306.7(1)

4 4

p [g/em?] 1.765 (calc. from X-ray analysis); 1.73
(measured by pycnometry)

u [mm] 0.153

F(000) 704

Mvoka[A] 0.71073

T [K] 173 (2)

Dataset -9:9, -18:20, -16:16

Reflections collected 5759

Independent reflections 3357

Parameters 230

R,(obs) 0.0625

wR; (all data) 0.1499

GooF 1.037

Largest diff. peak and hole 0.282 and —0.254 e- A3

Device type ,Bruker-Nonius KappaCCD*

Solution SHELXS-97

Refinement SHELXL-97

Absorbtion correction none
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3.5.1 Crystal structure of 1,3,6,8-TNC

An ORTEP representation of the 1,3,6,8-TNC molecular structure is shown in
Figure 8, where atomic displacement parameters as thermal ellipsoids are shown
at the 50% probability level.

Figure 8. General ORTEP representation of the TNC molecule (Cambridge
Crystallographic Data Centre entry: CCDC 1526274)

3.5.2 The single crystal unit cell characterization

As shown in Figure 9, the 1,3,6,8-TNC crystal cell packing is characterized by
a wide net of hydrogen bonding which is involved in the compact and dense
crystal structure. In its crystal unit cell, dimers of TNC molecules are disposed
at specific angles. Additional data about hydrogen bonding, bond lengths and
disposition angles may be found in Supplementary Information.
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3.5.3 General remarks on the crystal structure of TNC

The molecular structure of 1,3,6,8-TNC is notably intriguing. This molecule adopts
an almost planar conformation, with relatively small dihedral angles throughout
the nitrated heterocyclic framework. The largest dihedral angle, observed between
the 3-nitro group and the carbazole core, is only 14.6°. The compound exhibits
a comparatively high density; X-ray diffraction measurements at—100 °C indicated
a density of 1.765 g/cm?®, whereas the pycnometric density measured at room
temperature (20 °C) was slightly lower, at approximately 1.73 g/cm?,

The increased density of TNC can be attributed to specific features of its
molecular packing. The crystal structure reveals relatively strong z—z stacking
interactions, which promote the formation of distinct molecular dimers. These
dimers are evident in the crystal packing along the X-axis, as illustrated in
Figure 9 (crystal unit cell projection).

The distance between parallel, superimposed molecular planes in the TNC
crystal was 3.335 A, while the shortest intermolecular atomic contact, specifically
between atoms C-3 and C-7, was 3.73 A, which is slightly shorter than the sum
of their van der Waals radii. In addition to z—z stacking, hydrogen bonding is
also present in the TNC crystal, notably both intramolecular NH:--O hydrogen
bonds and the less commonly observed intermolecular CH:--O interactions
were identified.

o

Figure 9. TNC crystal unit cell packing
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4 The Electron-accepting Ability and Quantum Mechanical
Characteristics of TNC

As is characteristic of nitroaromatics, the electrochemical reduction of TNC
proceeds irreversibly, exhibiting four distinct cathodic peaks with peak potentials
(Ep vs. Ag/AgClreference electrode, +0.205 V vs. NHE) at—170,—-583,-687, and
—806 mV. The peak currents were found to be diffusion-controlled, with a linear
dependence on the square root of the scan rate over the range of 10 to 1000 mV/s.
The first peak potential of TNC (—170 mV) is significantly more positive than
that of tetryl (=300 mV) and even more so than that of TNT (—474 mV), both
measured under identical experimental conditions as used for TNC.

The single-electron reduction potential (E';) of nitro compounds is typically
determined using pulse radiolysis techniques [53]. However, to the best of our
knowledge, the E'; value for TNC has not been experimentally established.
Atentative E'; (E'7(caic)) for this compound has previously been estimated using
an alternate approach, based on the linear correlation between the logarithm
of the rate constants for flavoenzyme-mediated reduction of a broad range of
nitroaromatic compounds including polynitroaromatic explosives, and their
experimentally determined E'; values [53]. This estimation yielded an E!7,c,)
of =116 mV for TNC, which is close to that of tetryl (E';(calc.) =—136 mV) and
significantly higher than that of TNT (E'; =-253 mV and E'7uc) = —254 mV).

Alternatively, the electron-accepting capability, characterized by the
LUMO energy (ELumo = —3.58 eV) and the global electrophilicity index
w = 3.84 eV, falls between those of tetryl (ELumo =—3.92 eV,  =3.84 eV) and
TNT (ELumo =—3.46 €V, w =3.55 eV), as obtained at the same level of theory [9].

The regional electrophilicity and nucleophilicity of TNC, determined by the
absolute LUMO density ([LUMOJ) and the absolute HOMO density ((HOMO))
distributions, along with the most reactive atomic sites, identified by electrophilic
(P«") and nucleophilic (Py") reactivity indices, are as shown in Figures 10(a)
and 10(b), respectively. The most pronounced electrophilic sites are localized
on the carbon atoms of the benzene rings at the ortho-positions with respect to
the nitro groups (Figure 10(a)), whereas the most pronounced nucleophic site
is localized on the -NH moiety of the fused pyrrole ring (Figure 10(b)), and the
regional reactivity maps based on electrophilic and nucleophilic Parr function
values, derived from atomic spin densities of the corresponding radical cation
Figure 10(a) and anion radical Figure 10(b) species at the UB3LYP/cc-pVDZ
level, using geometries optimized for the neutral form of the compound.
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Figure 10. Absolute density maps of HOMO (a) and LUMO (b) of TNC
(isovalue = 0.004 Bohr>?)
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Consistent with the redox behaviour of other nitroaromatic compounds,
the nitro groups in TNC serve as the key redox-active centers, susceptible to
reduction via single-electron or two-electron/hydride transfer pathways [9]. As
shown in Figure 10(a), the nitro groups at the C-1 and C-8 positions display
significantly higher P,* function values compared to those at the C-3 and C-6,
indicating a greater susceptibility to reduction at the C-1 and C-8 sites.

Aromatic high-energy compounds containing nitro groups exhibit distinct
electrostatic potential (EP) distributions, primarily due to the strong electron-
withdrawing nature of the nitro moieties. These groups exert both inductive
and mesomeric effects, depleting electron density from the aromatic ring and
contributing to the characteristic EP profiles observed in such compounds [54].
Figure 11 illustrates the EP map of TNC, projected onto the electron density
isosurface at a value of 0.001 e/bohr?, superimposed with atomic partial charges,
providing a detailed visualization of the electrostatic landscape.

163.010
142.651
122.292
101.933

61.215
40.856
20.497

-81.298
-101.657

Figure 11. EP surface of TNC mapped onto the electron density isosurface
(0.001 e/bohr?) in conjunction with atomic partial charges obtained
at the RB3LYP/cc-pVDZ level; regions of maximum positive and
negative EP are shown in dark blue and dark red, respectively; EP
values are reported in kJ/mol

Negative EP regions are primarily localized along the molecular periphery,
concentrated over the oxygen atoms of the nitro groups, with the most negative
potentials reaching approximately —102 kJ/mol (ca. —1.05 eV). In contrast,
positive EP regions are distributed across the carbazole core, with the most
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electropositive areas observed near the -NH moiety, the C(5a)—C(4a) bond within
the fused pyrrole ring, and the C(1a)—C(1) and C(8)—C(8a) bonds of the fused
benzene rings, exhibiting potentials of up to ~163 kJ/mol (~1.70 eV). The partial
charges, expressed as Mulliken charges localized on the nitro-groups at the C-1
and C-8 positions (Qno2= —0.302), were defined to be slightly more negative
than those localized in positions of C-3 and C-6.

In addition, the electrostatic potential (EP) values at the midpoint of the
C-NO: bonds at the C-1 and C-6 positions were approximately 108 kJ/mol
(~1.12 eV), which are more positive than those observed for the corresponding
bonds at the C-3 and C-6 positions (~85 kJ/mol or 0.88 eV).

One of'the factors that may influence the mechanical sensitivity of energetic
compounds is considered to be their global electronic hardness (#), commonly
approximated by the LUMO-HOMO energy gap (# = ELumo — Enomo ). Larger
global hardness is roughly associated with greater molecular stability and/or
reactivity [54-56]. Computational results show that TNC has a global hardness
of 4.21 eV, identical to that of tetryl (7 = 4.21 eV) and significantly lower than
that of TNT (n =4.99 eV) [9]. This suggests that, based on this parameter, TNC
may exhibit mechanical sensitivity similar to that of tetryl.

5 Bond Dissociation Energies for NO, Cleavage in TNC

For energetic materials, the cleavage of certain ,.trigger” bonds is widely
recognized as a critical step in initiating explosive decomposition, with
stability associated with the bond dissociation energy (BDE) [54, 57]. In
polynitro compounds, the C-NO: and N-NO: bonds are typically identified
as primary trigger bonds [54]. As described in the Experimental section, the
BDE values for the C-NO: bonds in the TNC molecule were calculated using
the B3LYP/6-31G(d) level of theory, which allowed a comparison of BDEs of
TNC with those of other polynitroaromatics, whose BDEs have been assessed
using the same computational methodology [57]. The BDE for the nitro group
at the C-3 (or C-6) position of TNC was calculated as 66.87 kcal/mol (2.90 eV),
slightly lower than that at the C-1 (or C-8) position, which was 68.37 kcal/mol
(2.96 eV). These values imply that TNC may have a lower impact sensitivity than
TNT, which has a reported BDE of 58.90 kcal/mol (2.55 eV), and potentially
a comparable sensitivity to picramide (2,4,6-trinitroaniline, TNA), wth a BDE
of 64.0 kcal/mol (2.80 eV) [57].

Copyright © 2025 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



490 7. Sarlauskas, M. Jonusis, S. Jonusiene, N. Cénas, K. Krikstopaitis, J. Stankeviciiité, Z. Anusevicius

4 Conclusions

¢ 1,3,6,8-Tetranitrocarbazole (TNC, C;,HsNsOs) is a high-energy nitro
compound with applications in military pyrotechnic formulations. Therefore,
optimizing its synthesis is of significant importance for improving
performance and production efficiency [47, 58-61]. Our study compared
two nitration methods for its synthesis:
—  Method A: potassium nitrate with oleum (H,SO, with 20 % SO;), and
—  Method B: fuming nitric acid with oleum.
Method A was found to be the more efficient and more selective procedure,
affording a higher yield (62%) and greater product purity compared to
Method B (58%).

¢  For the first time, it was observed that nitration of carbazole via Method B
leads to the formation of a minor by-product, trinitrocarbazole sulfonic acid
(C12HgN4OoS, MW = 382), in 2-5% yield. HPLC-MS analysis confirmed
the absence of the isomeric 1,2,6,8-TNC, previously reported by Murphy
et al. [52], among the reaction products, even at trace levels.

¢ A single crystal of pure 1,3,6,8-TNC was grown from a nitromethane
solution and used for detailed X-ray crystallographic analysis. The compound
crystallizes in the monoclinic system, space group P2:/c. The calculated crystal
density at—100 °C is 1.765 g/cm?, while the density measured by pycnometry
at20 °Cis 1.73 g/cm?®. Notably, this density exceeds that of TNT (1.654 g/cm?),
highlighting the potential of TNC as a high-density energetic material.

¢ The main properties of 1,3,6,8-TNC are as follows:
—  molecular weight: 347.21 g/mol,
— melting point: 296 °C,
— flash point: 350 °C,
—  maximum solubility in water: 20-30 x 10~° mol/L,
—  heat of formation: —18.9 kJ/mol,
— oxygen balance to CO,: —85.2%, and
— density at room temperature: 1.73 g/cm?.
The relative explosive power (brisance) of TNC compared to TNT is
approximately 86-95%, depending on the test method employed [62].

¢ The electron-accepting ability and quantum mechanical properties of
TNC closely resemble those of tetryl. However, based on the calculated
C-NO: bond dissociation energies, TNC is predicted to exhibit lower
sensitivity than both tetryl and TNT, and similar sensitivity to picramide
(2,4,6-trinitroaniline). Consequently, the overall explosive properties of
TNC are expected to be close to those of TNT and picramide.
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