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The dynamic process of polymorphic transformations provides deep insights into the understanding of both
the performance of explosives and its packing sensitivity. While terahertz spectroscopy is a sensitive tool
that can be used to characterize its intermolecular forces. In this paper, terahertz time-domain
spectroscopy (THz-TDS) is employed to investigate the polymorphic transformations of the explosive
2,2dinitroethylene-1,1-diamine (FOX-7) under a heating process. Solid-state density functional theory
(DFT) uncovers the physical mechanisms that contribute to the polymorphic transformation. This is
achieved by assessing the calculated spectra relative to the actual spectra from experiment. The results
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during the polymorphic transformations. This research will assist the understanding of the evolving

DOI 10.1039/d0ra10754a properties of FOX-7, under external stimuli, which is vital knowledge for an explosive substance that can
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1 Introduction

Explosives are greatly important to both civil and military
applications and, hence, have attracted worldwide interest over
an extensive period of time."* Typically, an explosive can exist in
two or more different crystalline forms, which is called poly-
morphism.*> These polymorphs have the same chemical
composition but exhibit different structures at the molecular,
crystal, and interface levels, which results in a variety of energy,
impact sensitivity and detonation properties.®* Hence, for
application purposes, it is necessary for an explosive to be
maintained as a stable polymorph, thus enabling a reliable
release of energy and its safety. Numerous researchers are
presently focused on methods for the control of polymorphic
transformations.**

It has been determined that phase transformations of
a polymorphic explosive under external stimulus loading could
be a necessary step before its final combustion or detonation.”
The understanding of the polymorphic transformations of the
explosive is indispensable for revealing its sensitivity mecha-
nism. An explosive crystal undergoes many complex physical
processes during its polymorphic transformations, which
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includes a change in the molecular structure, symmetries and
molecular stacking patterns, etc. Usually, X-ray diffraction is
adopted as the standard method for the study of polymorphic
transformations,*® which provides the geometric structure of
the molecular crystal. However, this is difficult in the present
circumstance since the polymorphic transformations involve
a dynamic motion; this important factor reveals the perfor-
mance and packing sensitivity of the crystalline explosive.
Infrared and Raman spectroscopy’ could provide this
dynamic observation for various different molecular structures.
However, some polymorphic transformations produce minor
distortions in the molecular structure, which creates difficulties
for spectroscopy techniques of these types. Furthermore, recent
research suggests that the molecular stacking patterns, which
are highly dependent on the intermolecular forces, play an
important role in the energy and safety of the explosives.”
Hence, the investigation of any weak intermolecular interac-
tions during the polymorphic transformations will greatly assist
the understanding, prediction and control of this process.
Terahertz (referring to the frequency range from 0.1 to 10
THz.") vibrational transitions are related to the weak interac-
tions, such as intermolecular hydrogen bonding and van der
Waals (vdW) forces, that dominate molecular packing geome-
tries."* For our purposes, terahertz time-domain spectroscopy
(THz-TDS) is claimed to be a sensitive tool for investigating
polymorphic transformations. Despite THz spectral features of
numerous energetic materials, including traditional explo-
sives''® and new ionic salts,"”'® being widely reported, methods
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to determine the characteristics of the polymorphic trans-
formation process urgently need development.

2,2Dinitroethylene-1,1-diamine (FOX-7)*>** is a relatively
novel explosive that is currently attracting substantial interest
since, in comparison to cyclotrimethylenetrinitramine (RDX), it
has the superior advantages of high density, excellent detona-
tion performance and low sensitivity. Under elevated tempera-
tures, FOX-7 crystals are observed to experience a o to 3 to y
structural change before its chemical decomposition. Moreover,
the molecular arrangement of the FOX-7 crystals are in the form
of wave-shaped layers, which results in extensive intermolecular
forces that act both within and between the layers.” These
features enable FOX-7 to be a suitable substance for the verifi-
cation of THz spectral sensitivity. In this paper, we produce the
THz spectra of FOX-7 under a heat induced process. Further-
more, an understanding of the specific vibrations in the THz
region, calculated via density functional theory (DFT), provides
insights into the mechanism of the polymorphic
transformations.

2 Materials and experimental setup
2.1 Sample preparation

FOX-7 powder is prepared by the institute of chemical mate-
rials, China Academy of Engineering Physics. The synthetic
route is mainly based upon the nitration of 4,6-dihydroxy-2-
methylpyrimidine in a mixed acid at a low temperature.** To
lessen the particle scattering effects as a spectral feature,* the
FOX-7 crystals are lightly grinded to minimize the particle size
to within 74 pm. Generally, explosives exhibit strong absorp-
tion in the THz band, which limits the effective dynamic
range* (DR) of the spectra. One widely adopted method to
counter this is to mix a small amount of explosive powder with
matrix materials, which helps to form a stable pellet that
avoids the saturated absorption.'*** Teflon is advantageous in
this regard since it has a low absorption® and a high melting
point (above 260 °C). In this paper, 40 mg of FOX-7 powder is
mixed with 500 mg of Teflon powder (with a particle size of 5
pm), which are then compressed into a pellet (with 13 mm
diameter and 1.89 mm thickness) under a pressure of 2 tons
(Atlas, Specac). Before the spectral measurement, the pellet is
stored in a dry environment for 24 hours to release the internal
pressure.

2.2 Experimental setup

The experimental configuration for this work is plotted in Fig. 1.
In brief, a femtosecond laser (MaiTai SP, Spectra-Physics) with
a central wavelength of 800 nm, a pulse width of 80 fs and
a repetition rate of 80 MHz is employed for the energy supply.
The power of the pump and probe lasers are 100 mW and 20
mW, respectively. The pump laser is focused onto the gap (200
pum) of a dipole photoconductive antenna (Zomega, America)
with a lens (focal length = 5 mm) to produce THz waves. Then,
the generated THz waves are collected with a Teflon lens (focal
length = 50 mm) and focused into a spot with diameter
approximately equal to 6 mm (focal length = 150 mm). The THz
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Fig.1 A sketch of the set-up for terahertz time-domain spectroscopy.

waves that pass through the sample are transmitted using
a symmetrical configuration. Meanwhile, the probe laser is
guided through an optical delay, and it is finally collected
simultaneously with the THz waves. The coherent detection is
implemented using a ZnTe (110) crystal (with a thickness of 2
mm) and an optical balanced detector (Zomega, America). The
photovoltage measured by the detector is proportional to the
electric field of the THz waves. In this configuration, the
bandwidth® of the dry air is approximately 2.5 THz, and the
spectra resolution® is 17 GHz, as plotted in Fig. 2.

A heating accessory, supplied by PIKE TECHNOLOGIES
(USA), is employed for the heating process. The pellet is inserted
into the heating accessory and positioned at the focal point to
ensure that no THz waves are obscured. The actual temperature
of the pellet is calibrated using a T-type thermocouple (JK7000,
China Jinke Co., Ltd) supplied by the local quality supervision
bureau. The probe of thermocouple is fixed onto the edge of the
pellet using a high temperature-resistance pastern (YK-8909,
China Yikun Rubber Co., Ltd). To reduce the effects of water
vapor interference on the spectra, dry air produced by the
combination of an air compressors (JB-2000, China Nantong
jinjuba Machinery Co., Ltd), a refrigeration dryer (RD-8, China
Hangzhou Tianyuan Co., Ltd) and a heatless dryer (TYWD-0.3,
China Hangzhou Tianyuan Co., Ltd) is continually pumped
into the THz-TDS system. All the measurements are imple-
mented within the relative humidity of 0%.
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Fig. 2 Frequency spectra of dry air in this experimental configuration.
The thumbnail represents the time domain spectra.
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2.3 Extraction of absorption coefficient

In the THz measurements, the time-domain signal (E(¢)) is
recorded by changing the relative delay time between the pump
and the probe laser. Subsequently, E(f) is converted to
a frequency spectrum, E(w), via fast Fourier transform (Origin
2018, OriginLab). The absorption coefficient, «(w), of the pellet
can be evaluated as follows:*®

T(0) = 22 = plw)exp(o(w). Qo
n(w) =1+ "’5}“2", )

o) = 2 4n(w)
= (i ) ¥

where the subscripts sam and ref represent the sample and air,
respectively. Moreover, n(w) is the refractive index, c is the speed
of light in air and d is the thickness of the sample.

2.4 DFT calculations

Solid state DFT calculations are implemented using a CASTEP
program as a part of the Material studio package (Accelrys). The
generalized gradient approximation (GGA)-Perdew-Burke-Ern-
zerhof (PBE) function is adopted for the geometry optimization
and the vibrational calculations. To better account for the forces
relating to noncovalent bonding, which are extraordinarily
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Fig. 3 The evolution of the absorption spectra of FOX-7 with a heat
cycling ranging from 21.5 to 111.8 °C. (a) Heating process, (b) cooling
process.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

important for these low frequency vibrational modes, the
Grimme semi-empirical dispersion-corrections are included in
these calculations. The quality of the energy calculations is
ultra-fine. The energy cut-off is set at 830 eV, and the SCF
tolerance is 5.0 x e~ eV per atom. The crystalline structures of
o, B and y-FOX-7 are obtained as given in previous reports.””**

3 Results and discussions
3.1 THz absorption spectra

Firstly, under a heating process from 21.5 to 111.8 °C, the THz
spectra of FOX-7 are record as plotted in Fig. 3(a). At 21.5 °C,
FOX-7 exhibits two absorption bands centred at 1.58 and 2.20
THz. As the temperature increases from 21.5 °C, the two
absorption bands display intensity attenuations and they are
red shifted in frequency. Such variations could be ascribed to
anharmonicity effect?® that is caused by the thermal expan-
sion of the FOX-7 crystals. The increase of the crystalline
geometry sizes with temperature gradually weakens the inter-
molecular forces, eventually producing THz vibrational modes
that have lower energies and frequencies. However, the degree
of the two frequency shifts differ significantly. Specially, in the
region from 21.5 to 101.5 °C, the frequency shift of 2.20 THz is
0.12 THz in contrast to a shift of 0.06 THz for the 1.58 THz band.
This suggests a different temperature dependency for the
modes that produce these two absorptions. As the temperature
rises to 101.5 °C, an absorption increase is observed within the
region of 0.3 to 1.8 THz. This phenomenon becomes increas-
ingly significantly for enhanced heating times and higher
temperatures. As heating reaches 111.8 °C, no further changes
are observed in the absorption spectra, which indicates that the
crystal is temporarily in a stable state. Here, two absorption
bands emerge at 1.13 and 1.69 THz, while the 1.58 THz feature
disappears and the 2.20 THz absorption band at 25 °C shifts to
2.02 THz. These significant variations of the absorption features
suggest that, in this region, the FOX-7 undergoes a polymorphic
transformation.

Moreover, we also record the spectra under a cooling process
as plotted in Fig. 3(b). The two absorption bands of 1.13 THz
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Fig. 4 A comparison of the absorption spectra of FOX-7 after heat
cycling from 21.5 to 111.8 °C.
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and 1.69 THz exhibit intensity decreases, which finally disap-
pear after approximately 15 minutes, while the 1.58 THz
absorption band is later re-observed. In addition, the 2.03 THz
absorption band displays a blue shift for this process. Next, we
compare the spectra of FOX-7 (taken at room temperature) after
the temperature is cycled; this is plotted in Fig. 4. We can see
that the two spectra show the same absorption positions and
a slight difference in the absorption intensity. In general,
explosive crystals that undergo high temperature cycling typi-
cally experience intermolecular damage, due to the anisotropic
expansion with a preferred orientation. The same absorption
positions indicate that the FOX-7 crystals remain stable when
temperature cycling under the heating process.

Furthermore, the spectra of FOX-7 are investigated for
temperatures from 128.2 to 222.7 °C as plotted in Fig. 5(a). In
this situation, the 1.13 THz absorption band experiences the
remarkable variations shown in Fig. 5(b). In the region of 128.2
to 170.3 °C, the 1.13 THz absorption band shows intensity
attenuation due to the thermal expansion. Above 175.5 °C, the
absorption exhibits an increase in intensity and it is blue shifted
in frequency. At 189.2 °C, the absorption finally shifts to 1.26
THz. As mentioned above, the heating process always results in
a red shift in the frequency. This blue shift on increasing the
temperature suggests a transition in the intermolecular forces.
Hence, the newly generated 1.26 THz is considered as a repre-
sentation of the second polymorphic transformation. From
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Fig. 5 (a) The evolution of the absorption spectra of FOX-7 under the

heating process from 128.2 to 222.7 °C. (b) The spectra magnified in
the 1.0 to 1.4 THz region.
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Fig. 6 The evolution of the absorption spectra of FOX-7 under the
cooling process from 222.7 to 21.5 °C.

189.2 to 222.7 °C, the absorption shows intensity attenuation
and red shifting. This response to the temperature, as shown by
the spectra, indicates that the FOX-7 crystal is within a stable
state in this region. In addition, the absorption features around
2.03 THz seem to experience intensity attenuations and blue
shifts toward the high frequency. Due to the limitation of the
low DR and the (signal to noise ratio) SNR, the detailed char-
acteristics are unable to be identified.

Finally, the spectra of the cooling process from 222.7 to
21.5 °C are recorded as plotted in Fig. 6. In this process, the
spectra have slight instabilities in the absorption positions and
intensities, which indicate the crystals of FOX-7 undergo
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Fig.7 Comparison of the experimental and the DFT-based spectra of
(@) a-FOX-7 and (b) B-FOX-7. The dashed lines represent each
calculated mode.
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Fig. 8 Comparisons of the experimental and the DFT-based spectra
of y-FOX-7. The dash line represents each vibrational mode. The
asterisk indicates the temperature cycling from 222.7 to 21.5 °C.

a disordered state. As temperature decreases from 76.7 to
21.5 °C, the 1.26 THz absorption band exhibits intensity
attenuation and red shifts. This suggests that the crystals are
unstable and undergo structural transformations. At room
temperature, two notable absorption bands emerge at 1.22 and
1.77 THz. Obviously, the spectra at room temperature are
significantly different after this heat cycling, which suggests
that the FOX-7 crystals experience an irreversible damage in this
case.

3.2 DFT calculations

In this section, DFT calculations are employed to determine the
origin of the variations in the spectra. Fig. 7 and 8 are plots that
compare the experimental and simulated results. For a-FOX-7,
the DFT-based spectra contain two vibrational modes centred
at 1.59 and 2.21 THz, which are in good agreement with the
experimental absorption spectra at 21.5 °C. At 1.59 THz, the
intensities in the simulated spectra are underestimated,
possibly due to the neglect of the scattering effects of the
powder. In addition, the DFT spectra of f-FOX-7 mainly exhibit
six strong vibrational modes in this region. The calculated
mode at 1.13 THz is also a good representation of the experi-
mental 1.13 THz absorption at 111.8 °C. However, the 1.69 THz
absorption is overestimated and relates to the calculated mode
at 1.73 THz. While the experimental spectra exhibit only one
absorption at 2.05 THz, the DFT calculations, in contrast,
provides three vibrational modes. There are two possible
reasons for this difference: (1) the DFT calculations generally
overestimate phonon modes in comparison to experimental
spectra at a harmonic limit."**>** (2) The generated 1.13 and
1.69 THz peaks produce strong absorption band, which sharply
decrease the DR near 2 THz. This could result in an incomplete
detection of the absorption features in this band.* Overall, the
DFT calculations of a- and B-FOX-7 appropriately replicate the
experimental spectra at 21.5 and 111.8 °C. This also proves that
the variations in the observed absorption spectra at 101.5 °C are
attributed to a o to  transformation.

Now examining the cooling process from 222.7 to 21.5 °C,
the irregular spectra evolution indicates that the FOX-7 crystals
undergo various unstable states. In this situation, the positions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Depiction of the 1.59 and 2.21 THz vibrational modes. The red,
blue, grey and white spheres represent the oxygen, nitrogen, carbon
and hydrogen atoms, respectively. The green arrows denote the
displacement of each atom.

of the atoms in the crystal unit cell could vary hugely with
temperature. The unit cell of the y-FOX-7 that is adopted for the
DFT calculations is recorded by single crystal X-ray diffraction
after quenching to —73 °C.”® This could explain the possible
reason for the appreciable deviation between the experimental
spectra and the DFT calculations, which is shown in Fig. 8.
However, the newly evolved absorption of 1.26 THz at 189.2 °C is
an appropriate reproduction of the calculated mode at 1.32
THz. The DFT calculations may also provide appropriate
insights into the spectral feature that relates to the absorption
band at 1.13 THz gradually shifting to 1.26 THz from 128.2 to
189.2 °C.

Material studio provides the visual insights into the origins
of the vibrational modes that are based on the displacement of
each atom of the crystal. Fig. 9 is a plot of the 1.59 and 2.21 THz
modes that dominate the absorption features of FOX-7 at room
temperature. For 1.59 THz, the atoms principally translate
along the positive direction of the b-axis with the neighbouring
atoms moving in the opposing direction; this originates from
the vdW interactions between the layers. In contrast, the 2.21

1.13 THz

1.73 THz

C

Fig. 10 Depiction of the 1.13 and 1.69 THz vibrational modes.
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THz modes exhibit rotations about their centres-of-mass within
the a-c plane, which derives from their interactions via the
hydrogen bonding networks in the plane. The heating process
weakens these intermolecular forces, which results in a red
shifting of the absorption frequency. The degree of the shift of
the two modes indicates that the b-axis has a weaker expansion
coefficient compared to the a-c plane. Moreover, the disap-
pearance of 1.59 THz mode during the transformation from o to
B suggests that a weakening of the vdW forces between layers is
an essential component of the transformation.

For the B-polymorph, the modes of primary interest are 1.13
and 1.69 THz for an examination of the o to B transformation.
As shown in Fig. 10, the four oxygen atoms of the two nitro
groups deviate from the molecular plane, which produces
molecular asymmetry. Moreover, the deviated oxygen atoms
also reconstruct the hydrogen bonding networks with neigh-
bouring amino groups. These vibrational variations produce
new modes that are mainly in the form of libration; these
variations are responsible for the 1.13 and 1.69 THz absorption
bands. Moreover, only two oxygen atoms clearly participate in
the calculated 1.71 THz mode, and hence result in a weaker
absorption intensity.

For the spectral evolution of the heating process in the
region of 128.2 to 189.2 °C, the 1.13 THz absorption successively
shifts to 1.26 THz. This suggests that the newly generated 1.26
THz absorption originates from similar libration. One expla-
nation for this phenomenon, in which the same vibrational
mode produces different absorption features, is a lattice rear-
rangement of the FOX-7 crystals. Fig. 11 is a plot of the vibra-
tional mode that can be identified as the origin of the
experimental absorption at 1.26 THz. Clearly the vibrational
mode is also in the form of libration. Moreover, due to the
rearrangement of the lattice, the vibrational direction varies
from the b-axis to the ag-axis. In addition, it is observed that the
unit cell of the y-polymorph is formed of eight molecules in two
conformations. The atoms in the two conformations exhibit
dissimilar displacements, and hence provide different absorp-
tion intensities in the spectra.

The essence of the polymorphic transformations is that, with
external stimuli, the crystal translates to a specific, more stable
form. Under heating, the THz spectra of FOX-7 crystals response
to variations in the intermolecular forces, which includes both
vdW forces and hydrogen bonding. These low frequency vibra-
tions provide microscale insights into understanding the
evolutions of the polymorphic transformation. As stated earlier,

o Sa!

I

Fig. 11 Depiction of the 1.26 THz vibrational modes.
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it has been reported that the minor distortions to the a to
B transformation are difficult to detect with Raman and IR
spectroscopy.’® In contrast, the THz technique is sensitive to
such distortions. This proves that THz-TDS is potentially an
important tool for accurate investigation of polymorphic
transformations.

4 Conclusions

In this paper, we employ THz-TDS to investigate the explosive
FOX-7 under a heating process over the range 0.3 to 2.4 THz. An
o to B and B to y transformation are identified at 101.5 and
175.5 °C, respectively. The spectral evolutions for a to B trans-
formation include the disappearance of the 1.58 THz absorp-
tion band and two new absorption bands at 1.13 and 1.69 THz.
Comparing with the DFT-based spectra, the origins of these
changes are found to be related to a weakening of the vdW
forces between the layers and a rearrangement of the hydrogen
bonding networks within the layers. We also determine that the
blue shifting of 1.13 THz to 1.26 THz represents a f to y
transformation, which represents a significant rearrangement
of the crystalline lattice.
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