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ABSTRACT: High-energy materials containing azole and furazan have
revealed numerous properties; however, the underlying optical properties
need to be solved. Meanwhile, the uncertainty for the choice of fluorescent
matrix materials and the flexible situational conditions prompted us to
estimate the optical and fluorescent properties of 5,5'-dinitro-2H,2H’-3,3’-bi-

1,2,4-triazole (DNBT), 4,4'-dinitroazolefurazan (DNAF), and 4,4'-dinitro- _

3,3'-4,3/-ter-1,2,5-oxadiazole (DNTO). The first-principles calculation with =

improved dispersion correction terms and time-dependent density functional ~ £

theory were utilized to calculate the absorbance and excitation energy of %

DNBT, DNAF, and DNTO, as well as characterization for their crystal E _% // 0

structure, electronic structure, molecular orbitals, and so forth, synchronously. ////////{///// ”’/////////////’/’;;;;’;;;ffmﬂ,,,

In this work, the absorbance anisotropy of DNBT and DNTO is stronger than T 40 S0 60 700 800
that of DNAF. The absorbance for each of the (0,0,1) crystal planes in the Hanensh om

three compounds is greater than that of the other two crystal planes.

Moreover, DNBT has the maximum absorbance on the (0,0,1) crystal plane. The N—N—H from DNBT and N—O—N from DNTO
and DNAF are responsible for these results, while N=N in DNAF weakens the performance of N—O—N. UV—vis spectra show that
the maximum absorption wavelengths /., for DNBT, DNAF, and DNTO are 225, 228, and 201 nm, respectively. The number of
five-membered rings and the coplanarity of groups in the intermolecular non-conjugation interaction potentially improve this ability
due to the results from the crystal diffraction analysis. In addition, the polarization rate DNBT > DNTO > DNAF based on the
molecular orbital analysis and the electrostatic potential calculation implies that the excitation energy of DNBT is less than DNTO,
and the excitation energy of DNTO is less than DNAF. This work is beneficial to the expansion of energetic materials into the
optical field and the accelerated application process of the related industry.

B INTRODUCTION

an ingredient with simple structure and active chemical

The traditional nitro-compounds such as trinitrotoluene
(TNT), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), and
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX) have
been revealed so many properties since they were first utilized
because of their unique structures.' > Numerous scholars have
made great efforts in the study of material composition,
especially dedicated to discover the relationship between
properties and structure.*”” The structural mechanism of
fluorescent materials and the interpretation of specific structures
of optical materials currently involved in many fields, such as
single-molecule fluorescent probes in proteins® and small
molecule fluorescent chemical sensors,'’™'? have also been
given to a series of possible conformational interpretations have
been proposed. It provides a valuable implementation method
for the structural identification of materials in the search for
matrix materials with low excited states. However, these
materials must possess specific properties, which significantly
narrows the range of new target materials that can be pursued. As
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properties, a series of energetic materials (EMs) with high
conjugation properties were prospectively demonstrated to have
potential optical properties, such as TNT and picric acid
(PA).">'* Unfortunately, these materials have fallen out of favor
for optical applications due to poor thermal stability and toxic
factors that are detrimental to environmental concerns,
especially being potential carcinogens and inducing long-term
With these unfavorable factors,

turning attention to the furazans and oxidazoles that have similar

damage to liver function.'®
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Scheme 1. Structures of 5,5’-Dinitro-2H,2H’-3,3’-bi-1,2,4-triazole (a), 4,4’-Dinitroazolefurazan (b), and 4,4’-Dinitro-3,3'-4,3'-

ter-1,2,5-oxadiazole (c)
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effects but are innocuous and harmless has become a potential
opportunity worth exploring and revealing.

From a long-term perspective, the continuous improvement
of the computer level, especially the popularity of applications in
the field of computational chemistry, the first principles and
density functional theory (DFT) have become a reliable,
accurate core theory to reveal the structure and property laws
of materials. In particular, during these similar compounds
containing N conjugated structures, Zaier and Ayachi'®
designed a D—z—A—7—D type cyclopentadithiophene
(CPDT)—diketopyrrolopyrrole (DPP) using mixed functional
B3LYP combined with the 6-311g(d,p) basis set for optimizing
and investigating its geometric shapes, electronic structural,
photo-physical, optical, and intramolecular charge transfer
properties, which achieved good results in the final open-circuit
voltage testing. Irfan, Chaudhry, and Al-Sehemi'” studied four
amine derivatives of 1,3-diphenyl-1H-pyrazolo[3,4-b] quino-
lone (DPPQ) and several pyridine compounds using the time-
dependent DFT (TD-DFT) and hybrid functional method,
respectively. Moreover, the calculations are carried out on the
basis of ionization potential, hole extraction potential, electron
affinity, recombination energy, transfer integral, refractive index,
reflectivity, and intrinsic mobility. Except that, Latosinska,
Tomczak, and Medycki'® explored the HMR spectra of triclosan
S-chloro-2-(2’,4’-dichlorophenoxy)-phenol (CDP) by employ-
ing hybrid functional with modified long-range interactions.
Dorotikova and Dvoranova et al."” performed conformational
analysis of potential antibacterial fluoroquinolone 3-fluoroani-
lino-ethylene (FAE) and its derivatives, from which they
accurately verified vibrational frequencies, electron transitions,
as well as nuclear magnetic resonance (NMR) spectra are
analyzed with respect to conformational analysis. Arulaabar-
anam, Muthu, Mani, and Irfan* predicted the molecular
geometry, conformational stability, and corresponding molec-
ular orbitals of methyl-2-pyrazinecarboxylate (M2PC) opti-
mized by B3LYP/6-311++G(d,p) while using water as the
medium solution using TD computational UV—vis spectral
projection simulations. Overall, the exploration of the structure
and properties of materials using first-principles and DFT
methods not only has objectively feasible significance but also
facilitates the initiation of revelations.

Recently, exploration for fluorescent material which consists
of nitro groups has developed a series of hot spots for its
remarkable performance and reliable stability in the field of EMs.
Moreover, a traditional high-energy-density-material”' which
consist of nitro-compounds especially composed by the furazan
and oxidazole rings have been a previous interesting point for its
safety, toxic free, and industrial processes. 5,5’-Dinitro-2H,2H’-

3,3-bi-1,2,4-triazole(DNBT)*"** is a secondary potential
explosive that can be synthesized in two steps starting from
aminoguanidinium carbonate and oxalic acid, which has a high
density (1.903 g cm™), high heat of formation (285 kJ mol™"),
and formidable detonation velocity (8413 m s™'). 4,4/-
Dinitroazolefurazan (DNAF) and 4,4'-dinitro-3,3'-4,3'-ter-
1,2,5-oxadiazole (DNTO) both are also excellent nitro-
compounds whose densities are 1.856 and 1.875 g cm ™, and
the high heat of formation values are 267 and 245 kJ mol ™/,
respectivelym’u_26 ((Scheme 1, Supporting Information, Text
S1). A sufficient evidence shows that the high positive heats of
formation considered from the N—N and N—C bond.”>*°
Notably, nitro-compound such as azole and furazan have already
been investigated remarkably from high decomposition function
and outstanding energetic properties, but their structural
characteristics still need to be continuously built up and verified.
Several further fundamental learning procedures containing co-
crystal cell structure and thermal stability for DNBT were
validated during the time 2015 and 2018.”7** Due to the
uniqueness of the 2-N atoms for the azole structure, DNBT can
apply on ions such as Fe, Ni, and Cu combined layer-style
frameworks composed to metal coordinate nitro salts by Seth
and Matzger,” whose works provide a lot of possibilities that the
structural anisotropy of DNBT has an impact on the packing
mode. Therefore, as a derivation and extension, it is worth
exploring and discussing whether the furazan structure has a
similar performance in structure and properties with feasible and
worthy of tracking and follow up the consideration to analyze
the optical properties and fluorescence characteristics of these
nitro-compounds from the perspective of crystal structure and
electronic energy state.

Lack of understanding of the optical mechanism and potential
fluorescent excitation characteristics of the nitroazole com-
pound and nitrofurazan compound push up previous works to
carry out more discoveries. Our works rely on a free-
combination for TD-DFT and quantum chemical methods
with first-principles calculation based on the plane-waves
pseudopotential to have a carving for quenching the mysteries
of these three potential compounds. More significant and
interesting pieces of information were found. Orbit-energy
relationship of DNBT, DNAF, and DNTO was provided;
characterization of the electronic structure and calculation of
electronic localization function; statistics for the influence of
absorbance and anisotropy of the three compounds; in order to
select suitable conditions, we have performed UV—vis spectrum
calculations, highest occupied molecular orbitals (HOMOs),
and lowest unoccupied molecular orbitals (LUMOs). In
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Figure 1. Figures (a—c) represent the calculated results of absorbance in the range of 0—800 nm (visible light) for DNBT, DNAF, and DNTO,
respectively. Figures (d—f) represent the calculated absorbance results of DNBT, DNAF, and DNTO in the range of 0—160 nm (short-frequency
ultraviolet light), respectively. DNBT is identified as blue series, DNAF is identified as red series, DNTO is identified as green series, and it is compared
with TNT"® (orange series) and PA"* (purple series).The (1, 0, 0) crystal plane, the (0, 1,0) crystal plane, and the (0, 0, 1) crystal plane are presented
in light to dark colors.

addition, corresponding electronic crystal structures for DNBT, DFT,*"** the functional form used is the Perdew—Burke—
DNAF, and DNTO were also analyzed and discussed. Ernzerhof®” form under the generalized gradient approximation
(GGA—PBE), combined with the modified DFT-D correction

B METHODOLOGIES term, for the crystal structure optimization and ground state
The optical simulations are performed using the CASTEP* energy calculation of the compounds in this work. We choose
code based on the exchange correlation functional with the TD- the Tkatchenko—Scheffler’* method as the basic tuning
19696 https://doi.org/10.1021/acsomega.2c01438
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parameters with the Koeling—Hamon relativistic treatment
applied in the norm-conserving pseudopotentials. The energy
cutoft is 1080 eV. The geometry optimization is calculated
according to a Quasi—Newton algorithm with BFGS mini-
mizer’ for both lattice parameter and atomic coordinates. The
UV—vis was calculated by the Gaussian 16*° software package
using the functional/basis set combination of TD-B3LYP/6-
3114++G(d,p) under the condition of singlet spin hybridization.
The detailed explanatory for simulation settings and strategies
are described in Supporting Information, Table S1.

B RESULTS AND DISCUSSION

Non-covalent forces, such as hydrogen bonding and van der
Waals (vdW) interactions, are crucial for the formation, stability,
and function of molecules and materials. At present, ubiquitous
vdW interactions can only be accounted for properly by high-
level quantum-chemical wavefunctions or by the quantum
Monte Carlo method.?” In contrast, the correct long-range
interaction tail (e.g. for separated molecules) is absent from all
popular local-density or gradient corrected exchange—correla-
tion functionals of density-functional theory, as well as from the
Hartree—Fock approximation.’® Therefore, it is extremely
significant to select an appropriate functional to describe the
non-covalent interaction.
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In order to capture a more ideal description of the interaction
between atoms, a measurement and adjustment for dispersion
correction were proposed before the orbital analyzing process of
DNBT, DNAF, and DNTO. Hence, we picked up the three
potential compounds and calculate the local energy for each unit
cell by eqs 1 and 2, where E, (k) describes the dispersion of the
given band and the integral determination over the Brillouin
zone, and an alternative representation of the density states is
based on N,dE is proportional to the number of allowed wave
vectors in the energy range E to E + dE. E,.,, is the overall energy
situation for the combination of DNBT, DNAF, and DNTO,
Eppr shows the ground state energy which calculated by the
DFT method under the way in ab initio algorithm, represents
the standard DFT total energy and the sum goes over all N
atoms in the system, where s; terms means different coeflicients
for each atom in each molecule of crystals got accounted by the

potential and Ri? is the vdW radii for the free atom. Short-ranged
damping function is represented by a Fermi function
fdmp (Rij'Ri;) ) in eq 2, which is due to the distance between the

molecule and the vdW radii, where d is the steepness for the
damping function. In a semi-empirical dispersion-correction
way, missing dispersion contribution to the inter-atomic
interaction is approximated by a simple isotropic potential. At
long range, this potential is given by Lennard-Jones (L-J
potential) and CoiRij ® term, where the Ce,;; coeflicient is atomic

. 39,40 . . . . .
specific;’”*" meanwhile, the dispersion coefficient taken into

account by suitable modification of the corrected term was
adjusted through the free parameters Sy and dumping factor
€damp*

Bepcause the addition of the DFT dispersion correction term
can more accurately describe the long-range weak interactions
between atoms, and the scheme is directly implemented in
computation, the description of this semi-empirical dispersion
correction also requires intramolecular transferable parameters.
Therefore, for the same or different elements within a molecule,
most problems are dealt with around substantial changes in
properties between effective atoms.*' ~** Actually, on the basis of
neglecting hybridization and effective polarizability, molecular
orbitals from each compound could be severed for the crystal
surface, and hence, we can reflect directive values for energies
and reduced dispersion coefficient of atoms in deeper layers in
the substrate. According to this method, we have fitted all the
information and completed the corresponding adjustment of the
interaction potential including the atom distance parameters,
long-range interaction parameters, and atomic potential
coeflicient, which are under the comparison with the results of
Wu and Yang.44 and Tkatchenko and Schefler,** and the detail
parameters have been fitted, which are described in Supporting
Information, Table SI. We also made statistics on the bond
relationship and evaluation for the potential, and further details
can be learned from Supporting Information, Tables S2—SS and
Figure S1.

As shown in Figure la—c, the evolution oflight absorption can
be understood as four modes. According to these four modes, we
have divided the regions from I to IV, which are as follows: (I)
light high-frequency absorption zone; (II) interference
cancellation zone; (III) secondary light zone; and (IV) absorbed
vibration overlapping and disappearing zone. From the
perspective of the three crystal plane directions, the high-
frequency absorption zone I and the secondary light generating
zone III on the (0,0,1) crystal plane of DNBT have one of the
three maximum absorbance peaks in DNBT and are 3.75 and
1.25 cm™'/1075, respectively. However, DNBT also has the
lowest absorbance among the three on the (0,0,1) crystal plane
and the bottom value is 0.15 cm™'/107°. The maximum
absorbance of the high-frequency absorption zone I and the
maximum absorbance of the secondary light zone III in DNAF
on the (0,1,0) crystal plane are 2.27 and 0.65 cm™'/107%,
respectively, which are the lowest level among the three
compounds on the three crystal planes. However, in the
interference cancellation zone II on the (0,0,1) crystal plane, the
absorbance change of DNAF is so complicated that even affects
the region III with more multiple secondary light phenomena.
Besides that, there is no obvious secondary light phenomena for
TNT and PA'>"* found in zones II and III.

According to the signs reflected in the curve, the average
absorbance of DNTO between zone II and zone III is greater
than DNBT and DNAF on the three crystal planes, and the
secondary light effect of DNTO is the most obvious on the
(1,0,0) crystal plane. Therefore, we can find that the overall
absorbance of DNBT is stronger than that of DNAF and

https://doi.org/10.1021/acsomega.2c01438
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DNTO, and the interference cancellation phenomenon
enhances the overall absorbance level of DNTO and DNAF
to a certain extent. Moreover, the generation of secondary light
has the greatest impact on the absorbance of DNBT on the
(0,1,0) and (0,0,1) crystal planes, and it also has the greatest
impact on the absorbance of DNTO on the (1,0,0) crystal plane.
Learning from zone IV, among the three crystal planes, the
overlapping and evanescent effects of the vibrations of the three
compounds on the (0,0,1) crystal plane make the absorbance
gradually tend to the same level. Furthermore, as shown in
Figure 1d—f, there are differences between DNBT, DNAF, and
DNTO on the three crystal planes, that is, the existence of
anisotropy also affects the light absorption. The absorbance
values of (0,0,1) crystal planes of DNBT, DNAF, and DNTO
are significantly greater than (1,0,0) crystal planes and (0,1,0)
crystal planes. It is shown that the (0,1,0) crystal plane of DNBT
and the (1,0,0) crystal plane of DNTO have the weakest
absorbance level, while the (1,0,0) crystal plane and (0,1,0)
crystal plane of DNAF have the same absorbance contribution.

Because the generation of secondary light largely depends on
the interference destruction effect and the influence of the
crystal structure of the target irradiated object, and the stacking
form inside the crystal is related to the superposition of light,
there are considerable differences in the absorbance of different
crystal planes. In addition, as substances of different
compositions respond differently to light of various frequencies,
the frequency range of the secondary light phenomenon will also
be different, and the dominant frequency of the reflected and
scattered light formed by superimposing with the incident light
will be different, which causes a large difference in absorbance.
The positions and angles of molecules in DNBT, DNAF, and
DNTO unit cells are many. When the light source is
concentrated, the superposition and interference cancellation
effects of incident photo-electrons are different. We speculate
that the absorption of DNBT is greater than that of DNAF and
DNTO, which is also determined by the large difference in the
structure. The 7— stacking structure formed by the conjugated
ring structure in DNBT is stable and directional, which is one of
the reasons why DNBT is more anisotropic than DNAF and
DNTO. The N=N conjugation of furazan and DNAF weakens
the electron-withdrawing ability on N—O—N; nevertheless, the
nitro group strengthens the electric-absorbing effect, thus
maintaining the relatively stable absorption of photo-electrons.

Because the generation of secondary light largely depends on
the interference destruction effect and the influence of the
crystal structure of the target irradiated object,*® and the crystal
packing form also affects the absorption of incident light, there
are considerable differences in the absorbance of different crystal
planes. In addition, as substances of different compositions
respond differently to light of various frequencies, the frequency
range of the secondary light phenomenon will be different, and
the dominant frequency of the reflected and scattered light
formed by superimposing with the incident light will be
different, which also causes a large difference in absorbance.
The positions and angles of molecules in DNBT, DNAF, and
DNTO unit cells are many. When the light source is
concentrated, the superposition and interference cancellation
effects of incident photo-electrons are different. We speculate
that the absorption of DNBT is greater than that of DNAF and
DNTO, which is also determined by the large difference in the
structure. The 7—7 stacking structure formed by the conjugated
ring structure in DNBT is stable and directional,*”*® which is
one of the reasons why DNBT is more anisotropic than DNAF

and DNTO; thus, the maximum absorbance of DNBT is the
highest among the three compounds. Apart from these, the N=
N conjugation of DNAF weakens the electron-withdrawing
ability on N—O—Nj nevertheless, the nitro group strengthens
the electric-absorbing effect,* maintaining the relatively stable
absorption of photo-electrons.

According to the vibration simulation of the ultraviolet—
visible (UV—vis) absorption spectrum as shown in Figure 2a, the
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Figure 2. Calculation of UV—vis absorption spectra of DNBT, DNAF,
and DNTO. TNT and PA in figure (a) are compared with related work.
Figure (b) shows the calculated derivative of UV—vis absorption.

three compounds have no obvious absorption phenomenon in
the far ultraviolet region (0—200 nm), and the absorption
phenomenon is mainly concentrated in the ultraviolet region
(200—400 nm). The calculation results show that among the
three compounds, DNBT has a maximum absorption value of
1.853 L/mol cm™" at 225 nm, while the maximum absorption
peaks of DNAF and DNTO are 1.582 and 1.321 L/mol cm™}
respectively. What is more interesting is that DNAF and DNTO
both have a small absorption peak after the maximum absorption
peak, and the two small peaks have a tendency to move in the
direction of the long-wave range (red shift trend). With the
iteration and optimization of relaxation calculations for DNBT,
DNAF, and DNTO, there is no longer an effective UV—vis
absorption capacity in the visible region beyond 500 nm. From
the perspective of the absorbance derivative function, as shown
in Figure 2b, the corresponding absorption wavelengths
(excitation energy) at the zero point of the absorbance derivative
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functions of DNBT, DNAF, and DNTO are 225, 228, and 201
nm, which are the maximum wavelength Amax for the three
compounds under the maximum absorption. The calculation
results show that the excitation energy levels of these three
compounds are generally lower than those of TNT and PA.>°
Therefore, the order of the three compounds according to the
maximum absorption capacity is Absorppygr > Absorppyar >
Absorppnro, and the order of maximum absorption wavelength
is Apnar> ApnBT> ADNTO-

Analyzed from the calculation results of the UV—vis spectrum,
because the wavelength distribution of the spectrum is
supported by the transition energy level difference of the
generated band, this is also the basis for describing the internal
energy level distribution and qualitative of the three compounds.
The intensity of the absorption band has a great relationship
with the change of the molecular dipole moment and the
transition probability.”' There are effective structures inside
DNBT, DNAF, and DNTO that provide favorable conditions
for energy level transitions; in particular, the large conjugated
ring structure in DNTO enables a large number of z—z*
transitions to be realized, so the absorption peak is the strongest,
while the N=N bond in DNAF as the furazan connection is a
very effective chromophore.*”*> There are not only 7—z*
transitions but also n—7* transitions inside DNAF, and because
the n-orbital energy level is the highest, this is also an important
factor that A, for DNAF is greater than DNBT and DNTO.
The nitro group, as a strong absorption band auxochrome
caused by the n—z* jump, provides strong evidence for the red
shift of the small absorption peak where next to the maximum
absorption peak of DNAF and DNTO.>*™” Additionally,
because each compound has a maximum absorption rate at
specific wavelengths of 225,228, and 201 nm, it can be predicted
that there will be ultraviolet absorption in the secondary light
region (region Il in Figure 1) and exhibit potential possibility of
fluorescence excited state.

As shown in Figure 3, the orbital energy for the crystal
structure of the three compounds was calculated. The minimum
orbital energies for N atoms of DNBT, DNAF, and DNTO are
—24.521, —25.075, and —24.215 eV, respectively. The
maximum orbital energy is —0.003, —0.082, and —0.011 eV,
respectively. We found that the energy levels for nitrogen atoms
of DNBT in all orbits are all higher than that of DNAF and
DNTO. According to statistical analysis, the average orbital
energy of DNBT is higher than the average orbital energy of
DNAF by 2.193357 eV, the average orbital energy of DNBT is
higher than the average orbital energy of DNTO by 4.20714 eV
(except the first N atom). Because the triazole ring structure in
DNBT belongs to a plane conjugated structure with a 7—x
stacking form, its structure is stable, and the electrons are
delocalized and have a higher orbital energy level. In contrast to
DNTO, there is a tri-furazan structure in a single molecule with
no conjugation in the DNTO system. Not only that, the series
distribution of the N—O—N structure on the five-membered
ring of DNTO expands the moving range of electrons to a
certain extent; thus, the average orbital energy is the lowest. By
observing the orbital energy of DNAF, the average orbital
energy of DNAF is higher than that of DNTO. However, there
are several orbitals where the orbital energy of DNTO is greater
than that of DNAF (Figure 3a,b is shown by the orange dotted
line). According to our analysis, the N=N bond in DNAF and
should be jointly responsible from the orbital energy of NS and
N10. Under these conditions, when the electron orbit extends
outward with the increase in energy, the electron on the external
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Figure 3. Evaluation of orbital analysis for nitrogen atoms. (a) Lowest
value of the energy of the orbital for N at any k-point. (b) Highest value
of the energy of the orbital for N at any k-point.

orbital is enhanced by the N—O—N structure, and weakened by
the N=N bond in DNAF. In addition, from the perspective of
the total energy orbital distribution, DNBT, DNAF, and DNTO
have different energies under the same orbital for N atoms, and
the orbitals for N atoms under the same energy are also different.

As shown in Figure 4, we have given nine kinds of DNBT,
DNAF, and DNTO electric local function (ELF) [(1,0,0)
direction, (0,1,0) direction, and (0,0,1) direction], the
electronic localization range is defined in the range of 5 X
107 to 9 X 107", and their performance on the three crystal
planes is different. The electrons on the molecular structure in
the DNBT unit cell are highly dense. From Figure 4a,b, we can
find that the electron density around the carbon atoms in the
ring is generally low, while a large number of electrons are
distributed around the nitrogen atoms and a certain density of
surrounding electron bands are formed, showing strong
localization, and this phenomenon is also reflected in the nitro
group. In addition, the main molecular structure on these planes
is also affected by the weaker electronic localization of atoms
from other molecules in the other directions. In particular, it
could not be neglected that the N—N—H located on the ring
structure of DNBT from the (0,0,1) crystal plane direction
shows stronger localization. As proved by Figure 4d—f, a
localization phenomenon of N—O—N is exhibited through the
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Figure 4. Electronic local function of DNBT (a—c), DNAF (d—f), and DNTO (g—i). The atoms on the ring structure are represented by black fonts,
and the atoms on the nitro group are represented by white fonts. Where (a,d,g) are the (1,0,0) crystal plane direction, (b,e,h) are the (0,1,0) crystal

plane direction, and (c,f,i) are (0,0,1) crystal plane direction.

information reflected by the ELF intensity. The localization
phenomenon in the (0,1,0) direction is even stronger than the
contribution of the nitro group, and the N=N conjugation that
we are concerned about also has a good electronic localization
effect in the (0,0,1) direction, which can maintain the same level
with the N—O-N structure. Even though the electronic
localization range of DNTO is smaller than that of DNBT and
DNAF, a similar phenomenon also occurs on DNTO, that is,
there is no localized electron band around the carbon atoms of
DNTO, and the main localization effect®® is still caused by N—

19700

O—N and nitro groups, simultaneously, both have the similar
ELF intensity levels.

On the one hand, the nitro groups, as a supposedly strong
current-absorbing group, exhibits a strong degree of electronic
localization in the molecular structure, which significantly
increases the electronic density in the unit cell and enhance
the ability of electronic localization; on the other hand, the
manifestation of conjugation can also be demonstrated by ELF
analysis, that is, the stable electronic localization in the azole ring
from the structure of DNBT, information about the electron
density and electronic localized provided by N=N in DNAF.
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Moreover, the twisting of the group involved in each molecule of the change of the ELF value. In particular, superfluous orbital
the crystal unit and the tightening-relaxation of the ring structure hybridization may be formed on N—O-N;j thus, from the
of these compounds will have a certain degree of influence on perspective of the number of N—O—N, this is one of the reasons
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Table 1. Molecular Orbital Energy Calculation for DNBT, DNAF, and DNTO“

DNBT DNAF DNTO
MO(s) E (eV) AE(Gap) (eV) E (eV) AE(Gap) (eV) E (eV) AE(Gap) (eV)
HOMO —8.18347 1.86321 —8.87160 2.35009 —8.62744 2.00325
LUMO —6.32026 —6.52151 —6.62419
HOMO -1 —8.68331 2.66216 —8.99001 2.74889 —8.88110 2.65769
HOMO + 1 —6.02115 —6.24112 —6.22341
HOMO -2 —9.01324 3.03223 —9.05440 3.04439 —8.98104 2.97229
LUMO + 2 —5.98101 —6.01001 —6.00875

“E (eV), energy; AE(Gap) (eV) = E_ymo — Eromos MO, molecular orbital.

why DNAF and DNTO have the same ring structure but
different electronic localization capabilities.”” Moreover, the
ELF model of each of these compounds does not clearly show
the distribution of electrons between adjacent molecules, so
these effects are only for the inside of the molecule. Hence, we
can use this to extend the insights of electronic structure and
optical phenomenon for the target compound.

Because Raman spectroscopy is used to study vibration,
rotation, and other low-frequency modes in the system, which is
based on the Raman effect of inelastic scattering of
monochromatic light. Therefore, this interaction with the
molecular vibrations in the crystal causes the energy of the
incident photon to move up or down. Moreover, our calculation
is to calculate the polarization of each displacement by using the
linear response form and numerically calculate the spatial
derivative of the macroscopic polarization along the eigenvector
of each Raman active phonon mode. Once these derivatives are
known, the Raman cross-section can be calculated directly
through appropriate spatial averaginé%. The Raman activity
defined by Porezag and Pederson”®* characterizes the
contribution of the phonon mode to the peak intensity of the
Raman spectrum. Therefore, when a certain room temperature
or a certain range of incident light wavelength is specified, the
internal structural properties of the material can be reflected
appropriately.*°"

According to the Raman spectrum calculation results of
Figure Sa, DNBT, DNAF, and DNTO all have similar high-
intensity characteristic peaks in the Raman shift range of 0 to 200
and 1500 to 1600 cm™", which provides an effective proof for the
appearance of nitro groups (including torsion forms). However,
the characteristic peaks of the three compounds are significantly
different in the range of 200—1500 cm™'. DNBT and DNTO
have continuous characteristic peaks in the range of 900—1400
cm™! except DNAF. It could be attributed to the planar
conjugation of DNBT playing a leading role, and coplanar for
the intermediate furazan ring of DNTO. These signs indicate
that the N=N bond effect of DNAF is weaker than that of
DNBT, and the number of furazan rings affects the effect of
diffraction. In order to further distinguish the internal structure
relationship between DNBT, DNAF, and DNTO, we evaluated
the relationship between the internal atomic distance and
diffraction angle of the three compounds through crystal
structure diffraction simulation. As shown in Figure Sb, the
maximum diffraction angles of DNBT, DNAF, and DNTO are
160, 137, and 121°, respectively. Comparing the atomic distance
among the three compounds, DNBT is the smallest and DNAF
is the largest when diffracting at the same angle. The inner space
for the crystal of DNBT is tightest, and the inner space of DNAF
is the most relaxed. Therefore, it is not difficult to consider that
when light of a specific wavelength is incident on the three
compounds, the scattering ability of DNBT is the weakest, and
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thus, the gathering ability is the strongest. In contrast, DNBT is
more difficult to interfere with cancellation, which ideally
explains that the maximum absorbance of DNBT is higher than
that of DNAF and DNTO. On the basis of these works, we also
performed NMR calculations for the structures of DNBT,
DNAF, and DNTO (see Supporting Information, Figures S3—
SS).

As an effective means to measure the optical and electrical
properties of materials and evaluate their chemical stability,
accordin§ to the frontier molecular orbital theory
(FMOT),**~% we calculated the HOMO and the LUMO for
DNBT, DNAF, and DNTO, as demonstrated in Figure 6a and
Table 1. The HOMO values of DNBT, DNAF, and DNTO are
—6.32026, —6.52151, and —6.62419 eV, respectively, and the
LUMO values are —8.18347, —8.87160, and —8.62744 eV,
respectively. Besides that, according to the coverage of the
positive and negative isosurfaces, the N site and C—N site on the
azole ring of DNBT, the N=N site from DNAF, and the two
five-membered furazan ring structures from DNTO have
obvious molecular orbital (MO) wavefunction phase values,
which are beneficial to their intramolecular charge transfer.
Furthermore, as both contain the furazan structure, the N=N
bond of DNAF is stronger than the furazan ring and the nitro
group, and the furazan ring of DNTO is stronger than the nitro
group, which indirectly reveals that the role of the N=N bond
provides a weakening of the electrophilic ability for the furazan
ring in DNAF. These results strongly support the electron-
donating ability of title compounds. It can also be considered
from the electrostatic potential (ESP) calculation results in
Figure 6b. The nitro group is easier to attract electrons,
reflecting that it is more electrophilic than other regions in
DNBT,”” DNAF, and DNTO. In contrast, the N—H region on
the azole ring in DNBT and the furazan ring region of DNTO
are more nucleophilic than other regions. Thus, from the depth
of the color showed in Figure 6b. The electrophilicity of DNAF
is weaker than DNBT and DNTO.

In addition, it can be comprehensive from the expression of
polarizability that one term in the denominator is excitation
energy, which is related to the energy difference between the two
orbitals excited by the dominant electron.””*® This can be
understood from the perspective of a complete state summation
formula (see Supporting Information, Text S2 for details). The
narrower the HOMO—-LUMO gap, the smaller the overall
energy difference between the occupied orbital and the non-
occupied orbital, which tends to make the excitation energy to
be lower, thus the polarization rate tends to be larger. Therefore,
we infer that the excitation energy of DNBT is potentially
smaller than DNTO, and the potential excitation energy of
DNTO is less than DNAF, which means that DNAF is the most
stable among the three compounds.
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B CONCLUSIONS

On the basis of modifying the DFT dispersion correction, we
performed absorbance analysis, UV—vis calculations, and
electronic structure analysis for DNBT, DNAF, and DNTO.
The absorbance performance of DNBT, DNAF, and DNTO on
the (0,0,1) crystal plane is better than the other two crystal
planes, and the maximum absorbance for each of them is overall
higher than that of TNT and picric acid. The generation of
secondary light has the greatest impact on the absorbance of
DNBT on the (0,1,0) and (0,0,1) crystal planes, of DNTO on
the (1,0,0) crystal plane. DNBT has the most pronounced
absorbance anisotropy. UV—vis spectra show that the maximum
absorption wavelengths A, are 225, 228, and 201 nm,
respectively, which are smaller than TNT and PA. The
contribution of planar conjugation and 7— stacking is stronger
than that of inter-atomic conjugation and non-conjugation due
to the orbital analysis for N atoms. The N—N—H structure from
DNBT on the (0,0,1) crystal plane, the N—O—N and N=N
structure from DNAF on the (0,0,1) crystal plane, and the N—
O—N structure from DNTO on all the three crystal planes could
be the main contribution for the absorbance of (0,0,1) crystal
plane is higher than the other crystal plane. Besides that, the
number of five-membered rings for DNTO and DNAF, and the
non-conjugation between molecules but the coplanarity is also
responsible. Calculations for HOMO and LUMO infer that
DNAF is the most stable among the three compounds.
Additionally, the nucleophilic direction tended to be on the
five-membered ring of DNBT, DNAF, and DNTO. These
results should be helpful in the design and optimization of
explosives detection methods utilizing optical sensing, mean-
while, broadening people’s horizons of material selection for
fluorescent probes.

Finally, as the fourth paradigm of science, data-driven
methods have the potential to guide experimenters in the
discovery and development of new high-performance materials.
The theoretical issue of more efficient machine learning that
people have high hopes for is still being extended and expanded;
however, such as the design of organic solar cells,””™"" the
investigation of the structure of organic optoelectronic
components and light-emitting diodes,”” a series of favorable
evidence have made certain breakthroughs and accumulations.
Therefore, the expansion of these similar methods based on EMs
in military and industrial fields is also thought-provoking.
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