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Abstract: In the development of crystal engineering and supramolecular chemistry,
cocrystallization has been used as a way to develop novel explosives with tailored properties. We
present a novel cocrystal solvate composed of TNT and aniline that exhibits unique
physicochemical and explosive properties. X-ray diffraction studies reveal the crystallographic

structure to contain TNT and aniline in a 1:1 molecular ratio. The crystals themselves exhibit a
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vibrant, ruby red color which likely results due to a charge-transfer interaction between the
overlapping m-orbitals of the aromatic rings. The most notable evidence for a charge-transfer
complex is the appearance of a broad absorbance peak in the visible region which is not present in
the spectrum of either pure component. Comparisons of the cocrystal solvate to that of pure TNT
are conducted to determine thermodynamic and kinetic parameters using both experimental and
theoretical techniques. The desolvation of aniline from the cocrystal solvate was also investigated
using both in situ PXRD and AFM measurements to monitor changes in the crystal structure and

surface topography, respectively.

1. Introduction

The process of cocrystallization occurs when two or more neutral species non-covalently interact
to produce a crystalline solid consisting of each component in stoichiometric proportion (e.g. 1:1,
1:2, 1:3:1, etc.)!. The end result of cocrystallization, however, is a matter of debate? outside of
certain vaguely accepted classifications such as multicomponent crystals, molecular complexes,
etc.3. On one hand, researchers use the definition that a cocrystal is formed if, and only if, each of
the individual components exist as crystalline solids under ambient conditions prior to
cocrystallization*?8 (viz. Desiraju®). On the other hand, some researchers refer to cocrystals in a
broader sense in which they are simply defined as being the product of two or more species that
have cocrystallized!!-1# (viz. Dunitz'®). Solvates, for example, are defined as multi-component
crystals containing at least one species that is liquid under ambient conditions. Many researchers
maintain that the use of a distinguishing terminology is necessary when referring to these class of
compounds (e.g. hydrates, solvates, or pseudopolymorphs'®'®) since they tend to exhibit

significant differences regarding certain physical properties (e.g. solubility, stability, storage,
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and/or processing?®2?). For all intents and purposes, it is of the author’s opinion that solvates and
hydrates are simply one of the many distinctions contained within a generalized definition of a
cocrystal (viz. Stahly?3). It appears that the most appropriate solution to this conundrum is likely
via the route of compromise. Therefore, the results of this report will henceforth be referred to by
the term “cocrystal solvate™4.

The current and most common applications of explosives consist of mixing commercially
manufactured energetic materials with varying proportions of polymers, metals, or other
explosives to modify their bulk performance. Interestingly, the explosive compounds that are most
widely used today were developed around or before World War Il (e.g. TNT, PETN, HMX, RDX,
etc.). Indeed, modern research has focused on developing new explosive materials although their
industrial implementation has been mostly hindered due to concerns of their viable mass
production relative to the cost of their synthetic precursor(s), explosive performance, safety to
manufacture, storage stability, and, above all else, their tendency to detonate (i.e. sensitivity)?.
CL-20 (est. 1987%%) and FOX-7 (est. 1998%7) are more recent hallmark examples of newly
developed explosives that have achieved bulk commercialization. Since successful commercial
production of new chemical explosives is historically rare, a significant amount of research has
focused on finding ways to alter the performance of energetic compounds that are already
manufactured in bulk. Examples include particle coating?®, amorphous stabilization?°, polymorph
purification®%3!, and cocrystallization. = Cocrystallization has been studied by energetics
researchers in an attempt to analogously replicate the successes that have been achieved in
pharmaceuticals research where, rather than drug solubility®2, the focus is shifted mainly towards

alterations in sensitivity and, to a lesser extent, power!>10,11,33-40,
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2,4,6-Trinitrotoluene (TNT), the explosive compound investigated here, was originally used as
a dyeing agent in the late 1800’s and was the most commonly used conventional military explosive
throughout the 20 century?. The reason that TNT was and continues to be so widely used can
mostly be attributed to its low sensitivity, ease of manufacture, safety in handling, mold-casting
ability with other explosives, and low toxicity?>. Currently, TNT is rarely used alone but is more
commonly found within composite mixtures containing other explosives®.

TNT has been shown to mostly occur as either a monoclinic (more stable) or orthorhombic
polymorph under ambient conditions*!*2. Sherwood and co-workers reported that it was possible
to reliably produce either polymorph depending on the solvent (i.e. relative solubility) that was
used during the crystallization process*}. While performing a comparable investigation related to
the polymorphic crystallization of TNT in a wider array of different solvents*4, it was unexpectedly
discovered that TNT and aniline cocrystallized to produce a cocrystal solvate with a ruby red
appearance (Figure 1A,B). A similar red color transition is also observed in aniline solutions
containing relatively high concentrations of TNT (Figure 1C). Other studies have shown that TNT
interacts with certain amines in solution to produce a comparable red color change and is
commonly used for colorimetric detection®=!. The underlying mechanism responsible for the
observed color change in TNT/amine systems has been widely attributed to the formation of a
suspected Meisenheimer complex. In general, a Meisenheimer complex refers to the formation of
a covalent bond (Figure 2) that arises from a species’ nucleophilic attraction towards the m-orbitals
of an aromatic compound that is conjugated with electron withdrawing functional groups**>2. This
mechanism is widely used in organic chemistry for reactions involving aromatic substitution
and/or addition such as the conversion of trinitrobenzene to trinitrophenol®. In fact, Fant and co-

workers® previously reported that TNT forms a Meisenheimer complex with aniline in the
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presence of H,O/acetone-ds on the basis of their carbon based nuclear magnetic resonance
(CNMR) measurements.

However, the interaction of TNT with aniline in this report suggests the mechanism is better
attributed to the formation of a charge-transfer complex. Beginning in the 1950s (viz. Mulliken>*
36), there was a classical debate amongst researchers regarding the mechanism responsible for
inducing the observed color changes in certain systems>’%, and researchers went to great lengths
to distinguish between charge-transfer and various other interactions such as ionic, hydrogen
bonding, and Meisenheimer complexes®®-98, Charge transfer complexes can be characterized as a
special case of electron sharing between a donor and an acceptor in which two separate species
become locally bound to each other through a transfer of electronic charge3*3°. That is, an electron
from either a lone pair (called “(n)-donors”) or the z-orbitals of an aromatic compound (called “z-
donors”), particularly those with an electron releasing group, can be donated to the empty orbitals
of an acceptor”. Charge-transfer forces are typically comparable in magnitude to dispersion
forces®. A comparative depiction of both a Meisenheimer and a charge-transfer complex is shown
in Figure 2 for TNT and aniline. In general, charge transfer complexes can be characterized as
follows>”%: an almost instantaneous change in color, a stoichiometric proportionality (e.g. 1:1
donor/acceptor), a broad absorption band in the visible spectrum, spectral shifts in the IR, intra-
and intermolecular atomic spacing, and shifts in the nuclear magnetic resonance (NMR). Except
for the NMR shifts, all of the aforementioned criteria are observed in the subsequent

characterization of the TNT/aniline cocrystal solvate.
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Figure 1. Macroscopic images of TNT/aniline cocrystal solvates grown with excess aniline at (A)
room temperature (A) and 5 °C (B). The scale bar is approximately 2 mm. (C) Comparison of the
progressive deepening in red color that occurs almost instantly within aniline solutions containing

increasing concentrations of TNT.
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Figure 2. Comparison of the potential mechanisms in which TNT and aniline interact to produce

the red color observed in the cocrystal solvate.

In this work, experimental and theoretical properties of the TNT/aniline complex are reported
relative to that of pure TNT. Single crystal X-ray diffraction (SCXRD) studies were used to assess
the structure and composition of the TNT/aniline cocrystal solvate. The thermal properties were
investigated with both differential scanning calorimetry (DSC) and thermogravimetry (TG).
Additionally, theoretical predictions of certain key explosive measures related to performance
were determined using CHEETAH 8.0 software.

A notable observation of the cocrystals was that the vibrant red color fades over an extended
period to ultimately exhibit a brownish yellow color characteristically observed in pure
TNT. After complete discoloration, results obtained from IR spectroscopy suggests complete
desolvation of aniline from within the solid material. PXRD was used to monitor the solid-state
changes throughout the desolvation process, and it was later observed that this transformation
could also be mapped along the exterior surface in sifu with atomic force microscopy (AFM).

2. Experimental

2.1. Materials

All solvents (aniline, acetone, hexanes, and acetonitrile) were ACS grade. TNT flake was
obtained from Dyna energetics. TNT flake was purified via solvent-antisolvent precipitation**
using 1 ml of acetone and excess water followed by thorough drying with vacuum filtration. The
purity of TNT was then confirmed to be 99.67% using HPLC (BDS hypersil C-18, column size:
150 x 2.1 mm — Note: samples were dissolved in 25/75% acetonitrile/water and analyzed using a
200 pl min! flow).

2.2. Preparation of the Cocrystal Solvate
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Approximately 80 mg of the purified TNT crystals were dissolved in 1 ml of aniline (slightly
below the saturation 1imit®) in a 2-dram vial. The prepared solutions were then allowed to
crystallize in an open vial at either room temperature or 5 °C. After careful removal of the
supernatant, crystal samples were quickly dried with tissue paper and immediately stored in a
sealed, air-tight container. The samples can also be dried using a vacuum filter apparatus and
rinsing with a small amount of ethanol. Once dried and sealed in an air-tight vial, the cocrystal
solvate samples were remarkably stable for weeks to months such that there was not any visible
discoloration. Herein, all results stem from crystal samples obtained using this procedure since it
gave the greatest likelihood of producing large, single crystals. However, two additional sample
preparation procedures were later discovered and are described in the supporting information (SI)
(SI-A — Section/Figure S1).

2.3. Optical Microscopy

Macroscopic images of select cocrystals were obtained with an optical microscope (Olympus
SZH) and camera (Olympus Q-color 3).

2.4. Single Crystal X-ray Diffraction (SCXRD)

SCXRD measurements were performed using a Bruker three circle diffractometer with an APEX
IT CCD detector. Operation was performed at either -173 °C or 25 °C using 1500 W (50 kV, 30
mA) graphite-filtered molybdenum Ka radiation (A = 0.71073 A). Samples were precoated with
poly(isobutylene). Assessment of unit cell information was performed using an Omega scan
method with both a 20 second exposure time and 0.5° rotation per frame. Efforts were made to
ensure prevention of translational rotation during imaging.

After data collection, the unit cell was re-determined using a subset of the full data collection.

Errors in the intensity (Lorentz force/polarization/background radiation) were corrected using
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Bruker APEX 3 software. A semi-empirical correction concerning absorption was applied using
SADABS software’®. SHELXL (2014)7" software was used for the solution and refinement of the
crystal structure. Hydrogen atoms bound to carbon and nitrogen atoms were identified from the
difference Fourier map and geometrically constrained using the appropriate AFIX or DFIX
commands.

2.5. Powder X-ray Diffraction Analysis (PXRD)

Powder diffraction patterns were obtained on a Rigaku Ultima III instrument operated at 1760
W (40 kV, 44 mA) using germanium-filtered copper Ka radiation (A =1.5418 A). The samples
were prepared in a standard sample holder, and the data was collected in reflection mode with the
20 scan angles ranging from 5-50°. For all measurements, the step size was 0.2° and the scan time
was varied between 1-3 degrees per minute. Diffractograms were processed using the software
packing JADE v9.1.1.

2.6. Diffuse Reflectance

Diffuse reflectance measurements were obtained with a Stellarnet Silver Nova spectrometer
(CCD detector). The spectrometer was externally connected to separate tungsten (visible) and
deuterium (ultraviolet) light sources (StellarNet, Inc. SL1 and SL3, respectively) that were coupled
through a fiber optic cable to the diffuse reflectance probe (StellarNet, Inc.) that was placed over
the sample in an enclosed chamber. A dark background and a 100% reflectance baseline relative
to a barium sulfate standard were collected before each sample measurement. Samples were then
ground into a powder and placed on top of the barium sulfate standard for each measurement. Data
collection was performed using Spectragryph software (version 1.2.13) with a 2500 ms integration
time and a 20-scan average.

2.7. Infrared (IR) Spectroscopy
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IR spectra (Nicolet iS10 FTIR) were collected using attenuated total reflection (ATR) (diamond
attachment - Thermo Fisher Scientific) over the wavenumber range 4000 — 400 cm™! with a 1 cm-
! resolution.

2.8. Differential Scanning Calorimetry (DSC)

For DSC measurements (Model Q20 RSC90 — TA instruments), the thermal response (W g™) of
~3-5 mg of crystal sample was measured for two different cases using nitrogen purge gas at a flow
rate of 50 ml min-!. Case I: Crystals samples of TNT or the TNT/aniline cocrystal solvate were
hermetically sealed in a DSC pan and measured at a heating rate of 20 °C min’! over the
temperature range 20 — 300 °C (Figure 7). Case 2: A TNT/aniline cocrystal solvate sample was
equally heated and cooled at a rate of 5 °C min'! in an open pan for five consecutive cycles in the
range of 20 — 120 °C. The mass of the pan was accurately weighed both before and after each
respective cycle (Figure 9).

2.9. Thermogravimetry (TG)

For TG measurements (model Q50 — TA instruments), the rate of mass-loss was measured non-
isothermally with a heating rate of 20 °C min-'. Nitrogen was used as the purge gas with a sample
flow rate of 90 ml min-! and a balance flow rate of 10 ml min-!. The mass of sample used was
30.0 £ 0.5 mg.

2.10. Atomic Force Microscopy (AFM)

The time-dependent surface transformation due to air exposure was monitored isothermally at
35.0 £ 0.1 °C via repetitive site-specific scanning of a single region on the exterior surface using
contact mode AFM (Bruker Multimode 8 with heating stage attachment; imaging software —
Bruker Nanoscope Analysis 1.7). All scan sizes were 20 x 20 um? and scan rates were 2 Hz. Image

processing and analysis were performed with Scanning Probe Image Processor (SPIP) v6.7.0
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(Image Metrology). AFM tip parameters: company — Bruker; material — silicon nitride; frequency
— 23 kHz; nominal spring constant — 0.12 N m!; tip radius — 10 nm.

3. Results and Discussion

3.1. Crystal Structure

The packing arrangement of the molecules within the structure and the corresponding
crystallographic data are shown in Figure 3 and Table 1, respectively. PXRD diffractograms of a
TNT/aniline cocrystal solvate and pure TNT (orthorhombic polymorph) are shown in Figure 4.
The SCXRD results indicate that the TNT/aniline cocrystal solvate crystallizes in the orthorhombic
space group Pnma. Within the unit cell, TNT and aniline are paired in a stoichiometric ratio of
1:1 with weak hydrogen bonding interactions between the amine and the ortho nitro groups of
TNT (N--O = 3.205(1) A). Their aromatic rings are co-planar along the a- and b-axes, and each
coplanar pair of TNT/aniline molecules is oppositely paired with another set of coplanar
TNT/aniline molecules along the c-axis. In the following discussion, “pairs” are distinguished as
being either “coplanar” or “opposite”. In each opposite pair, the conformation of aniline is such
that its amine nitrogen is positioned along the c-axis opposite from the tertiary carbon atom (C;)
in TNT’s phenyl ring. This places the amine group centrally in-between TNT’s nitro groups at the
ortho- positions. This results in twist angles in the nitro groups of TNT (relative to the aromatic
ring) to be approximately 40° at both of the ortho- positions and 0.1° at the para- position.

Starting from the origin of Figure 3A and moving upwards between coplanar pairs along the a-
axis, there are four “groups” of opposite pairs and four “groups” of coplanar pairs. The dashed
lines in Figure 3B between the ortho- carbons of aniline and meta- carbon of TNT, respectively,
indicate a close stacking region in which the sum of the distances between these positions on the

respective phenyl rings are slightly less than the sum of the Van der Waal radii (3.40 A). However,
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the separation distance between opposite pairs is not the same. The distance between aniline’s
phenyl ring carbon that is attached to the amine (C,) and a 10-atom centroid within TNT
(consisting of all of the carbon and nitrogen atoms) was used to approximate the ring separation
distance (using CCDC’s Mercury software ver. 4.1.3) and were measured to be 3.377(1) A at the
15/4% positions and 3.325(1) A at the 27/3 positions. Similar ring separation distances have been
reported in cocrystal systems where the formation of a charge-transfer complex was observed to
occur between z-orbitals’>7>,

Several different intermolecular interactions appear to exist based on the crystal structure. The
close stacking of the aromatic rings that occurs between TNT and aniline in a 1:1 ratio is consistent
with the formation of a charge-transfer complex in which n-n* electron sharing occurs between
the highest occupied molecular orbital (HOMO) in aniline (the donor) and the lowest unoccupied
molecular orbital (LUMO) in TNT (the acceptor) via m-orbital overlap in the opposite pairs. The
source of electron contribution in aniline likely results from delocalization of the lone electron pair
in the amine group into the phenyl ring (Figure 2) to yield an aniline cation. In this case, it is
predicted that the amine bond to the phenyl carbon (C;) would be slightly reduced. This is
supported by the crystallographic data in which our reported C;-N bond length of 1.370(2) A is
slightly less than the experimental length previously reported’s (1.402(2) A) and is in agreement
with the theoretical prediction of a coplanar amine formation in aniline”” (1.378 A). However, this
is slightly more than the theoretical prediction’® for a carbon nitrogen double bond length of 1.332
A.

In addition to the z-interactions, there is also a significant amount of Van der Waal’s interactions
between the nitro groups of neighboring TNT molecules in the adjacent positions. Each oxygen

atom of the nitro groups at the ortho- positions exhibit at least one interaction with an adjacent
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nitro group where the distance is slightly less (2.888(1) A) than the sum of the Van der Waal radii
(3.04 A). The specific oxygen atom in the ortho- nitro group that has two interactions is the one
that is closest in proximity along the a-axis, but the exact vector direction (predominantly along
the b-axis) varies based on the relative orientations of the two interacting ortho- and para- nitro
groups.

The SCXRD measurements at 25 °C were conducted for assessing the thermal expansion and
ambient stability of the cocrystal solvate. However, due to the decomposition of the crystal at this
temperature, only unit cell data were collected. Sample measurements at 25 °C (marked with an
* in Table 1) show an increase in the lattice length parameters a, b, and ¢ by approximately 0.7,
1.6, and 2.8 %, respectively, and an overall volume expansion of roughly 5% compared to
measurements at -173 °C.

Geometry optimization of the experimentally determined structure using first-principles periodic
density functional theory (DFT) under constrained cell and space group symmetry showed
insignificant changes to the positions of all atoms in the unit cell, both non-hydrogen and hydrogen,
thus verifying the correctness of positional assignment and structural stability. The DFT
calculations” were performed using the code “DMol*” in which we employed the gradient-
corrected PBE exchange-correlation function®® with a double-numeric-polarized (DNP) basis set
on a “fine” numerical grid and a real-space global cutoff of 4.0 A. Accurate Brillouin-zone
sampling was ensured throughout the summation over a finite set of K-points chosen according to

the Monkhorst-Pack scheme®! with a grid spacing of 0.05 A-1.
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Figure 3. SCXRD representation of the packing arrangement and orientation of TNT and aniline
present within the cocrystal solvate as viewed along the c-axis (A) and b-axis (B). The green
dashed lines in (B) indicate intermolecular distances that are less than the sum of the Van der Waal

radii. The depictions were created using the CCDC’s Mercury software ver. 4.1.3. (Note: carbon

Crystal Growth & Design

— grey; nitrogen — blue; oxygen — red; hydrogen — white)

Table 1. Crystal data and structure refinement for the TNT/aniline cocrystal solvate as measured

at-173 and 25 °C.

Structural parameters

Parameter values

Empirical formula C13H12N4O6
Formula weight (g mol!) 320.27
Temperature (°C) -173

ACS Paragon Pms Environment
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Crystal system Orthorhombic
Stoichiometry 1:1

Space group Pnma

a(A) 18.726(2) 18.86*
b (A) 10.9375(13) 11.11*
c(A) 6.7023(8) 6.89%*
a (deg.) 90 90*

B (deg.) 90 90*

v (deg.) 90 90*
Volume (A3) 1372.7(3) 1443.68*
Number of molecules in asymmetric unit, Z | 4

Absorption coefficient, m (mm-!) 0.125

F(000) 664

Crystal size (mm?)

0.46 x 0.34 x 0.28

Crystal Density?® (g cm™)

1.550

Index ranges

24<h<24,-14<k<14,-8<1<8

Reflection collected

15166

Independent reflections

1599 [R(int.) = 0.0341]

Data/restraints/parameters

1599/2/120

Goodness-of-fit on F2

1.066

Final R indexes (I > 20(1))

R;=10.0305, wR, =0.0924

Final R indexes (all data)

R; =0.0340, wR, = 0.0965

Largest diff. peak/hole/e (A-3)

0.243/-0.341

Theta range for data collection (deg.)

2.175 to0 27.116

a Crystal density of TNT®? = monoclinic: 1.713 g cm? at -173 °C

orthorhombic: 1.704 g cm™ at -150 °C

*Values determined at 25 °C
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Figure 4. PXRD patterns for an orthorhombic crystal of pure TNT (black) and a TNT/aniline

cocrystal solvate (red).

3.2. Optical Properties

A key, distinguishing feature frequently observed in charge-transfer complexes is the existence
of a broad, optical absorbance band in the visible region’7--72.7383-85 " The diffuse reflectance
absorbance spectra for pure TNT and a TNT/aniline cocrystal solvate are shown in Figure 5. As
can be seen for the cocrystal solvate, there is a new absorbance peak that begins at approximately
600 nm and has a maximum absorbance around 495 nm. The difference between the approximate
onsets for the lower-energy spectral absorbances (e.g. ~450 nm in TNT) is approximately 150 nm.
This result is consistent with the red visual appearance in the cocrystal solvate occurring due to
formation of a charge-transfer complex between TNT and aniline. Note: Aniline (liquid) begins
to weakly absorb at around 500 nm and begins to strongly absorb at ~320 nm (SI-A —

Section/Figure S2).
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Figure 5. Diffuse reflectance absorbance spectra of pure TNT (black) and a TNT/aniline cocrystal
solvate (red). The onset of spectral absorbance is redshifted in the cocrystal solvate (e.g. ~450 —
~600 nm) and exhibits a new peak whose maximum absorbance is around 495 nm. This result is

consistent with the formation of a charge-transfer complex between TNT and aniline.

The IR absorbance spectra of TNT, aniline, and the cocrystal solvate are shown in Figure 6. In
addition, a superposition of the IR absorbances for both of the pure components is overlaid onto
the cocrystal solvate spectra, and the absorbance spectrum of a cocrystal solvate sample after
exposure to an open-air environment for 24 hours is overlaid onto the pure TNT spectrum. The
vibrational assignments in the IR spectra have been previously detailed for both TNT® and
aniline®”38, and the following discussion is based on their work. The three peaks >3100 cm! in
the cocrystal solvate spectra are the most obvious indicators of aniline’s presence within the
cocrystal solvate since they do not appear in TNT’s spectrum. In aniline, the peaks at 3428 and
3350 cm! are assigned to the asymmetric and symmetric stretches of -NH,, respectively. In the
cocrystal solvate, these stretches have been blue-shifted to 3489 and 3393 cm™! (Av=-61 and -43

cm!), respectively. The most reasonable explanation for the shifting of these two peaks to higher
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frequencies is that aniline experiences an extensive reduction in hydrogen bonding in the cocrystal
solvate. Specifically, the characteristic wavenumber region for the —NH, functional group is
between 3300-3000 cm™! when hydrogen bonded and 3550-3420 cm™! without hydrogen bonding®.
The nearest neighbor distance between amine groups for two aniline molecules (i.e. H,N-NH,)
within the crystal structure of the cocrystal solvate (Figure 3) is 6.695(1) A which is too large for
there to be any appreciable hydrogen bonding occurring between amine groups. However, there
is potential for hydrogen bonding between aniline’s amine group and TNT’s ortho-nitro groups
since their nearest neighbor distance (along the b-axis) is 3.496(1) A (e.g. O-N-O--NH,) although
the hydrogen bond strength between two amines is significantly greater than an amine with a nitro
group.

Characterization of the remaining peak shifts is problematic since it requires identifying the
shifts in the parent intensities that are in a region where there is a combined presence of features
that are similar in both aniline and TNT. That is, for the frequencies < 1600 cm™!, most of the peak
intensities are related to the vibrational modes of the aromatic ring features (e.g. 3-dimemsional
symmetric/asymmetric stretching/bending/breathing/etc. and substituent related effects), and the
convoluted, overlapping intensities of the peaks in this region makes it difficult to confidently
assign peaks that have shifted in the cocrystal solvate spectrum with respect to the pure
components. For example, the sharp cocrystal solvate peak at 3110 cm™! is either related to the
superposition of overtones for two different symmetric ring stretches in aniline which occur at
~1500 and ~1600 cm™! (which are convoluted with TNT’s nitro group and CC ring stretches,
respectively), a peak-shifted superposition of the CH ring stretches in TNT that occur at 3095,
3084, and 3055 cm!, or a combination of both. In either case, there would be missing peak

assignments in this region relative to the pure components and the cocrystal solvate. Additional
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work is warranted to fully assign all of TNT and aniline’s vibrational modes in the IR spectrum of
the TNT/aniline cocrystal solvate. However, this may be difficult since it is typically achieved
based on comparisons of peak locations after changes are made to the substituents (e.g. deuteration
or group substitution)387. Furthermore, further characterization of the charge-transfer interaction
based on inspection of the IR spectra is also difficult since it is typically assessed based on
variations in the electron affinity of the acceptor (e.g. fluorination)’®. In either case, it is uncertain
as to whether a cocrystal solvate variant would still result after substantial changes are made to
either the donor or acceptor.

However, there are some obvious features in the cocrystal solvate spectrum that are worth
mentioning. For aniline, the peak at 1271 cm! appears to be blue-shifted to 1298 cm™! (Av = 28
cm) and is assigned to a symmetric ring stretch that is sensitive to the substituent since it involves
considerable C-N stretching®’. A similar blue-shifted peak difference was observed in the case of
deuterated aniline-ND,%. A shift of this peak is consistent with the mechanism of a charge-transfer
complex since significant changes in the stretching mode between the ring and the amine group
are expected. For TNT, many of the peaks involving the CNO vibrational modes do not appear in
the cocrystal solvate spectrum. Specifically, the TNT peaks at 759, 769, 733, 716, 667, and 662
cm! are all, at least, assigned to a CNO bend?®. The only one of these peaks that is clearly observed
in the cocrystal solvate spectrum occurs at 720 cm™! (appears to have a small shoulder). Pure TNT
has been previously shown to have a total of six different nitro group twist angles in its crystal
structure where the twist angles are essentially the same in both polymorphs. As mentioned earlier,
TNT has only two different nitro group twist angles in the cocrystal solvate where one is co-planar
with the ring. Based on this, a reduction in the number of CNO bends in TNT’s vibrational

spectrum is expected.
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Figure 6. ATR-FTIR transmittance spectra of liquid aniline (A), a freshly prepared TNT/aniline
cocrystal solvate (B), and a pure TNT crystal produced from toluene via antisolvent precipitation
with water (C). A superposition of the TNT and aniline absorbances shown, respectively, in (A)
and (C) are overlaid (blue) onto the cocrystal solvate spectra in (B), and the spectrum of a cocrystal
solvate sample after exposure to air for 24 hours (i.e. complete discoloration from red to yellow)
is overlaid (red) onto the pure TNT spectrum in (C). Note: The peaks at ~2350 cm! occur due to

atmospheric carbon dioxide.
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3.3. Thermodynamic Properties

DSC traces (hermetically sealed) for crystalline samples of either pure TNT or TNT/aniline are
shown in Figure 7. The thermal response shows significant differences with regards to the phase-
change temperatures. The onset melting endotherm of the TNT/aniline cocrystal solvate is seen
to occur around 85 °C which is approximately 5 °C higher than the melting endotherm of pure
TNT at 80 °C. Note: The melting point of the pure sample is in excellent agreement with previous
reports®® (80.8 °C). Additionally, the required heat of melting was also found to be higher (114.5
J g'!) relative to the pure TNT crystal (105.9 J g'!). For the second observable endotherm, the
maximum heat flow of the pure TNT crystal mostly occurs as a wide, single peak centered around
255 °C. This endotherm is likely related to the decomposition of TNT which is reported®! to begin
occurring around 190 — 200 °C. For the case of the cocrystal solvate, there are two distinct
endothermic peaks beyond melting that were observed at ~191 °C (onset) and 240 °C (central
maximum), respectively. The nature of the first endotherm around 191 °C is most likely related
to the evaporation of aniline (boiling point®?: 184.5 °C). The second endotherm at 240 °C is also

likely related to the decomposition of the remaining TNT after aniline has completely evaporated.
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Figure 7. Experimental DSC traces of a pure TNT crystal (A) and a TNT/aniline cocrystal solvate

(B) using a heating rate of 20 °C min-!.

3.4. Aniline Desolvation

The desolvation of aniline from within the cocrystal solvate poses an important concern
regarding both the thermal stability and shelf-life. Discoloration of the cocrystal solvate upon
prolonged exposure in open air suggests aniline slowly leaves the crystal sample (i.e. desolvation)
even at room temperature (

Figure 8A). Red discoloration did not appreciably occur in samples that were sealed in a vial.
The most likely reason for this is that the aniline vapor becomes saturated in a small volume which
prevents further desolvation. Furthermore, it was observed that complete discoloration of the
cocrystal solvate’s red surface typically takes a maximum of 10 hours at ambient conditions
depending on the crystal’s size and shape. A macroscopic progression of this process is shown in

Figure 8B. Obviously, the regression of the cocrystal solvate due to the desolvation of aniline
is directly related to the long-term stability of these crystals if stored in open air. Hence,
understanding the fundamental mechanism of its occurrence could assist in controlling the kinetics

of the desolvation process and potentially improving the long-term storage.
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2 : 0 min : 45 min : 150 min

29

30 & 200 min & 250 min ™ 450 min

40 Figure 8. (A) Discoloration of the TNT/aniline cocrystal solvate after exposure to air (> 24 hours).
The visual appearance of the crystal suggests that only TNT remains since pure crystals are
45 typically brownish-yellow in appearance. (B) Macroscopic progression of the discoloration at the
47 surface over a 9-hour period. The scale bar is 1 mm (images were taken with an optical

microscope).

3.4.1. Desolvation due to Heating
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A series of DSC measurements (Figure 9) were conducted in which a cocrystal solvate sample
was subjected to multiple open-pan heating cycles (slightly above the melting point), and the mass
was measured after each cycle following recrystallization (i.e. after cooling to room temperature).
For the first heating cycle, there is a relative increase in the melting endotherm that is comparable
to the result in Figure 7. However, the second cycle and beyond display a single endotherm located
precisely at the melting temperature expected in pure TNT. The inset of Figure 9 shows that
approximately 30% of the cocrystal solvate’s mass disappeared after the first heating cycle. The
change in the mass then appears to be relatively constant for all of the remaining heating cycles
(i.e. due to TNT sublimation/evaporation). This suggests complete evaporation of aniline within
the cocrystal solvate upon heating to the melting point in an open-pan setting. In the 2" and 374
cycles, the shoulder (e.g. 77-78 °C) that precedes melting is due to a phase-change in TNT from
the orthorhombic to the monoclinic polymorph*!#4, but it does not imply that the recrystallized
sample was purely orthorhombic. The lack of this shoulder in the 4™ cycle does suggest, however,
that the sample recrystallized exclusively as the monoclinic polymorph. Recrystallization did not

occur after the 4% cycle.
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Figure 9. DSC traces (open-pan) for the same TNT/aniline cocrystal solvate sample after

undergoing multiple heating and cooling (not shown) cycles up to slightly above the melting

oNOYTULT D WN =

temperature. (Inset) The mass of the sample was subsequently measured after each respective
10 cycle in which >30% was lost after the first run. The heating and cooling rates shown were both

5°C min’!.

16 TG measurements were also employed to further characterize the mass loss upon heating (Figure
18 10). The results show a progressive reduction in mass up to approximately 30% after heating from
20 50 to 100 °C. Analysis of a pure TNT crystal using the same TG conditions showed no significant
reduction in mass (not shown). Furthermore, the mass percentage of aniline that would be present
25 in a 1:1 molar ratio with TNT would be 29.1%. Hence, evidence suggests that aniline evaporates

27 completely from the interior of the cocrystal solvate upon melting in an open atmosphere.

29 1004

951

o0 o0 O
(=] W <

Sample Mass (%)

~
o

46 65 ' ‘ ' '
20 40 60 80 100 120

47 T ((,\C)
Figure 10. Non-isothermal TG results demonstrating the decrease in mass of a TNT/aniline
52 cocrystal solvate sample when heated beyond the melting temperature. The heating rate was 20

54 °C min"'. Note: For 1:1 molar mixture of the two, aniline constitutes ~29% of the mass.
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3.4.2. Crystal Structure Changes under Ambient Conditions

PXRD was used to monitor the solid material during the desolvation process under ambient
conditions?. It is important note that the cocrystal solvate sample, over the course of these
measurements, was not mixed or perturbed in any way after it was loaded into the sample holder,
and the relative peak intensities for the cocrystal solvate are potentially misleading due to
orientation bias. Furthermore, the sample portion at the bottom of the sample holder likely
underwent desolvation much slower than the upper layer portion that was exposed to open air, and
the actual amount of time required for the conversion of the cocrystal solvate to pure TNT in situ
(e.g. a single crystal left out on a benchtop) is likely less than it would be in the subsequent
discussion since it would not be in a compact state that impairs the desolvation of aniline below
the outermost sample surface.

Referring to Figure 11, the qualitative extent of crystal transformation due to aniline’s
desolvation, overall, does not appear visually significant until after 10 hours. However, new peaks
representing the orthorhombic polymorph of TNT are weakly visible at 26 angles of approximately
12.6°, 16.3°, 17.7°, 23.7°, 24.1°, 29.3° and 29.9° after the first 5 hours. As time progresses, the
peak intensities for the cocrystal solvate decrease while the peaks intensities for TNT continue to
increase. After 93 hours, the cocrystal solvate peaks at 12.4°, 18.7°, and 26.2° are nearly reduced
to background, while the remaining peaks at 12.6°, 15.7°, 16.3°, 17.0° (weak intensity), 17.7°,
20.7°, 21.3° (weak intensity), 23.0° (most intense TNT peak), 23.7°, 24.1°, 26.0°, 26.7°, 27.3°,
29.3°, and 29.9° match with the orthorhombic polymorph for TNT, albeit with peak intensities
with preferred orientation due to the in situ crystal growth of TNT in the sample holder (see SI-A

— Section S3 for a higher resolution comparison).
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Reitveld refinement was used to model the crystal structure transformation in the TNT/aniline
cocrystal solvate as the overall composition of the PXRD sample transitioned towards having a
diffraction pattern whose characteristics were more similar to that of pure TNT. We found that
the general quality of the fit was improved by modeling the cocrystal solvate transition relative to
two criteria: the orthorhombic polymorph of TNT and an amorphous contribution. The physical
interpretation of the amorphous contribution is that the cocrystal solvate transitions through an
amorphous phase before recrystallizing as TNT. The results of the Reitveld refinement are shown

in Figure 11B, and complete details of the analysis are provided in the SI (SI-B — Section S4).
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Figure 11. (A) A series of PXRD diffractograms of the TNT/aniline cocrystal solvate taken over
time to monitor changes in the crystal structure under ambient conditions. (B) Time-dependent
change in the crystal character as the cocrystal solvate converts into pure TNT due to aniline
desolvation. The % composition was assessed by Rietveld analysis using the co-crystal solvate
and the orthorhombic TNT polymorph as model patterns. During the analysis, it was determined
that a small, amorphous component was also present throughout the crystal transition. Note: To

demonstrate the conversion of the cocrystal solvate to TNT under ambient conditions, the sample
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was not repacked between measurements. This resulted in preferred orientation of the TNT

crystals and slowed the conversion of the bottom portion of the sample.

3.4.3. Changes in Surface Morphology

In-situ AFM was used to observe the microstructural morphology change over time in a single
crystal of a TNT/aniline cocrystal solvate during isothermal heating at 35 °C (Figure 12). Initially,
the surface morphology was remarkably smooth. After approximately 90 minutes, the appearance
of “pit” formations began to occur due to aniline’s desolvation. As the crystal sample continued
to undergo isothermal heating, these “pit” formations grew in size which led to greater surface
roughening. Interestingly, the crystal showed signs of reconstruction into a different crystalline
phase after approximately 600 minutes. The progression of the reconstruction occurred at a much

faster rate than the previous pit formations.
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Figure 12. Evolution of AFM height images for the surface of a single TNT/aniline cocrystal
solvate during isothermal heating at 35 °C. The top row shows growth of “pit” formations likely
related to the desolvation of aniline. The bottom row shows an apparent reconstruction of the

sample’s surface into a different crystalline phase. All images are 20 pm %20 pm?.

3.5. Theoretical Explosive Parameters
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In order to better understand the detonation properties of this new compound, theoretical
calculations were performed to assess the safety and viability as an explosive. Theoretical values
for the oxygen balance (OB), the packing coefficient (x), the velocity of detonation (VOD), the
detonation pressure (P,;), and the heat of detonation (4Hy,,) for both pure TNT and a TNT/aniline
cocrystal solvate are shown in Table 2. For the pure TNT crystal, all values can be readily
determined via empirical calculations®. The packing coefficients were determined based on the
work by Politzer®*>. The intrinsic volumes used in these calculations were determined from the
group summation of the respective molecular volumes provided by Bondi®. Previous reports by
Sherwood and co-workers indicate the crystal density of pure TNT to be 1.713 (at -173 °C) and
1.704 g cm? (at -150 °C) for the monoclinic and orthorhombic polymorphs, respectively*?. The
crystal density of the TNT/aniline cocrystal solvate reported here was found to be 1.550 g cm™ (at
-173 °C) using SCXRD (Table 1). For the cocrystal solvate, OB and x were calculated by summing
the total mass contribution due to the presence of aniline in 1:1 stoichiometric ratio with TNT.
The theoretical values of the VOD, P, and 4H 4, were determined via theoretical calculations
performed using the computer code CHEETAH (ver. 8.0)77-100,

Table 2. Comparison of theoretically calculated explosive parameters for a TNT/aniline cocrystal

relative to pure TNT.

. Velocity of [ Detonation | Enthalpy of
Oxygen | Packing . 4
, Detonation | Pressure Detonation

Sample Type | Balance [ Coefficient

(OB) (% ) (K) (VOD) (P cj) (AHdet)

(km s) (GPa) (kI gh

Explosive 7.217; 20.1%: 4.467;
Parameters for | -74¢ 0.746° 7.002; 19; ’ 3.722;
Pure TNT 6.85°¢ 4.48¢
Theoretical . .
Parameters for -130* 0.769b 6.507 13.557 3.647
TNT/aniline
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Cocrystal
Solvate

2 From Ref.?>; Note: For the general formula C,H,N_.O4: OB (%) = WZ * 1600

bSee ref.% for information on packing coefficient determination. The intrinsic volumes are based
on the group contribution method where the explicit values were taken from ref.%®,

*Summation of individual group contributions for both aniline and TNT.

¢From Ref.%°

TCalculated using CHEETAH software version 8.0. The detonation velocity and pressure are
computed at the Chapman-Jouguet (C-J) point.

4. Conclusion

TNT crystals grown from aniline resulted in the production of a cocrystal solvate with a vibrant
red appearance. SCXRD measurements showed that TNT and aniline cocrystallized in a 1:1
stoichiometric ratio with an orthorhombic crystal lattice. The correctness and stability of atomic
positions have been verified by first-principles DFT calculations, which show little deviation from
the experimentally solved structure. Evidence obtained in several measurements indicate that
cocrystallization of TNT and aniline occurs via formation of a charge-transfer complex. The
mechanism of charge-transfer likely results from delocalization of aniline’s lone electron pair on
the amine group into the z-orbitals as shown in Figure 2. This is mostly supported in the crystal
structure from the reduction in aniline’s C—N bond length and the coplanar arrangement between
opposite molecular pairs in which there is close-stacking between the respective phenyl rings. The
most notable feature that indicates the formation of charge-transfer complex is the appearance of
a broad absorbance band in the visible region (~495 nm).

Visual discoloration of the cocrystal solvate under ambient conditions suggests aniline
desolvation occurs spontaneously. DSC, TG, IR, and PXRD measurements demonstrated that the

cocrystal solvate recrystallizes into pure TNT upon desolvation. The PXRD measurements
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indicated that there is a short-lived amorphous phase before fully recrystallizing into pure TNT
crystals. The desolvation process was also monitored at the surface using in situ AFM
measurements. The mechanism of crystal transformation due to desolvation has been suggested
to occur via displacive motion!?-103 or a reconstructive phase transition'%4105- Similar studies have
used AFM to describe comparable solid-state transformations related to, for example,
dehydration!%, polymorphic transitions!?”-1% and amorphous crystallization'%:11°, However, the
AFM results shown here are, to the best of our knowledge, the first to exhibit in situ
recrystallization originating from internal desolvation.

Both the referenced and theoretically calculated results exhibited a general reduction in the
explosive parameters for the TNT/aniline cocrystal solvate when compared to pure
TNT. Specifically, the cocrystal solvate’s OB (~76%), VOD (~8%), P.; (~40%), AH 4o, (~2%), and
density (~10%) were all found to be less than that of pure TNT. By definition, the packing
coefficient is the fraction of the unit cell volume occupied by the given molecules® such that an
increase in x is expected based on the inverse relationship between the volume and density. The
melting temperature was the only parameter found to result in an increase to that of pure TNT (~5
°C). Future investigations are warranted regarding in situ experimental measurements of the

explosive parameters as well as the sensitivity.
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48 tetrazoctane; RDX, cyclotrimethylenetrinitramine; CL-20, Hexanitrohexaazaisowurtzitane;

50 FOX-7, 2,2-Dinitroethene-1,1-diamine; SCXRD and PXRD, single crystal and powder X-ray
53 diffraction; DSC, differential scanning calorimetry; TG, thermogravimetry; HPLC, high

55 performance liquid chromatography; AFM, atomic force microscopy; ATR-FTIR, attenuated
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total reflection Fourier transform infrared spectroscopy; H/C NMR, hydrogen/carbon nuclear
magnetic resonance; HOMO, highest occupied molecular orbital; LUMO, lowest occupied
molecular orbital; OB, oxygen balance; VOD, velocity of detonation; P, Chapman-Jouget
detonation pressure
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42 2,4,6-Trinitrotoluene (TNT) was cocrystallized with aniline to produce a novel cocrystal solvate
with a ruby red appearance in which experimental evidence suggests the mechanism is related to
47 the formation of a charge-transfer complex. The lattice structure was determined with single-
49 crystal X-ray diffraction and revealed the individual components to have a 1:1 molecular packing
arrangement with an orthorhombic configuration. Phase change data was measured with
54 differential scanning calorimetry (DSC). Evidence of aniline desolvation was experimentally

56 observed and discussed. Theoretical calculations of the explosive parameters are also presented.
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Figure 1. Macroscopic images of TNT/aniline cocrystal solvates grown with excess aniline at (A) room
temperature (A) and 5 oC (B). The scale bar is approximately 2 mm. (C) Comparison of the progressive
deepening in red color that occurs almost instantly within aniline solutions containing increasing
concentrations of TNT.
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24 Figure 2. Comparison of the potential mechanisms in which TNT and aniline interact to produce the red color
25 observed in the cocrystal solvate.
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Figure 3. SCXRD representation of the packing arrangement and orientation of TNT and aniline present
within the cocrystal solvate as viewed along the c-axis (A) and b-axis (B). The green dashed lines in (B)
indicate intermolecular distances that are less than the sum of the Van der Waal radii. The depictions were
created using the CCDC'’s Mercury software ver. 4.1.3. (Note: carbon - grey; nitrogen - blue; oxygen - red;
hydrogen - white)
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2% Figure 4. PXRD patterns for an orthorhombic crystal of pure TNT (black) and a TNT/aniline cocrystal solvate
(red).
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Figure 5. Diffuse reflectance absorbance spectra of pure TNT (black) and a TNT/aniline cocrystal solvate
(red). The onset of spectral absorbance is redshifted in the cocrystal solvate (e.g. ~450 — ~600 nm) and
exhibits a new peak whose maximum absorbance is around 495 nm. This result is consistent with the
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formation of a charge-transfer complex between TNT and aniline.
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45 Figure 6. ATR-FTIR transmittance spectra of liquid aniline (A), a freshly prepared TNT/aniline cocrystal
46 solvate (B), and a pure TNT crystal produced from toluene via antisolvent precipitation with water (C). A
47 superposition of the TNT and aniline absorbances shown, respectively, in (A) and (C) are overlaid (blue)
onto the cocrystal solvate spectra in (B), and the spectrum of a cocrystal solvate sample after exposure to
air for 24 hours (i.e. complete discoloration from red to yellow) is overlaid (red) onto the pure TNT spectrum
in (C). Note: The peaks at ~2350 cm-1 occur due to atmospheric carbon dioxide.
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Figure 7. Experimental DSC traces of a pure TNT crystal (A) and a TNT/aniline cocrystal solvate (B) using a

heating rate of 20 oC min-1.
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Figure 8. (A) Discoloration of the TNT/aniline cocrystal solvate after exposure to air (> 24 hours). The
visual appearance of the crystal suggests that only TNT remains since pure crystals are typically brownish-
yellow in appearance. (B) Macroscopic progression of the discoloration at the surface over a 9-hour period.

The scale bar is 1 mm (images were taken with an optical microscope).
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Figure 9. DSC traces (open-pan) for the same TNT/aniline cocrystal solvate sample after undergoing
multiple heating and cooling (not shown) cycles up to slightly above the melting temperature. (Inset) The
mass of the sample was subsequently measured after each respective cycle in which >30% was lost after

the first run. The heating and cooling rates shown were both 5 oC min-1.
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Figure 10. Non-isothermal TG results demonstrating the decrease in mass of a TNT/aniline cocrystal solvate
sample when heated beyond the melting temperature. The heating rate was 20 oC min-1. Note: For 1:1
molar mixture of the two, aniline constitutes ~29% of the mass.
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Figure 11. (A) A series of PXRD diffractograms of the TNT/aniline cocrystal solvate taken over time to
monitor changes in the crystal structure under ambient conditions. (B) Time-dependent change in the
crystal character as the cocrystal solvate converts into pure TNT due to aniline desolvation. The %
composition was assessed by Rietveld analysis using the co-crystal solvate and the orthorhombic TNT
polymorph as model patterns. During the analysis, it was determined that a small, amorphous component
was also present throughout the crystal transition. Note: To demonstrate the conversion of the cocrystal
solvate to TNT under ambient conditions, the sample was not repacked between measurements. This
resulted in preferred orientation of the TNT crystals and slowed the conversion of the bottom portion of the

sample.
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Figure 12. Evolution of AFM height images for the surface of a single TNT/aniline cocrystal solvate during
isothermal heating at 35 oC. The top row shows growth of “pit” formations likely related to the desolvation
of aniline. The bottom row shows an apparent reconstruction of the sample’s surface into a different

crystalline phase. All images are 20 pm x20 ym2.
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