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Abstract

2,4,6-Trinitro-N-(m-tolylaniline or N-picryl-m-toluidine (abbreviated as TMA), exhibiting color
polymorphism, was synthesized and characterized structurally, spectroscopically and
thermodynamically. The studies consider both the isolated molecule of the compound (studied
theoretically at the DFT(B3LYP)/6-311++G(d,p) level, and experimentally by matrix isolation infrared
spectroscopy) and its polymorphic crystalline phases. The investigations on the isolated molecule
allowed to evaluate the major intramolecular interactions determining the conformational preferences
of the compound, and characterize it in detail from the vibrational point of view. Two conformers were
found (A and B), which differ in the relative orientation of the ring moieties of the molecule. Polymorph
screening, by recrystallization of the compound using different solvents, allowed to identify three
different polymorphs, exhibiting red, orange and yellow colors, which were subsequently characterized
structurally by single crystal X-ray diffraction, vibrationally, by infrared and Raman spectroscopies
(complemented by fully-periodic DFT calculations on the crystals), electronically, using solid state
ultraviolet-visible absorption spectroscopy, and thermodynamically, by differential scanning
calorimetry and polarized light thermomicroscopy. The yellow polymorph was found to be a
conformational polymorph of the orange and red ones, while the last two are packing polymorphs.
Mechanistic insights on the causes of the different colors of the polymorphs are presented. On the
whole, the reported investigation constitutes a comprehensive structural (for both the isolated molecule
and crystalline phases), spectroscopic and thermal analysis of the newly prepared compound, with

particular emphasis on the rare color polymorphism it exhibits.
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1. Introduction

From the Greek poly (many) and morph (form), polymorphism refers, in the crystallographic
context, to the ability of a compound to exist in more than one crystalline structure.? Polymorphs,
despite being composed by the same compound, present different physical, chemical and mechanical
properties. This fact makes polymorphic materials interesting (and challenging) chemical systems from
a fundamental perspective (e.g., as ideal objects to investigate crystallization and the factors affecting
crystallization), while it is also on the basis of their attractiveness for application in various fields, in
particular in dyes, agrochemicals, pigment and pharmaceutical industries.’

There are two main types of polymorphism, the conformational polymorphism and the packing
polymorphism. The first implies the existence of different conformers of the same compound in the
different polymorphs (a new conformer is obtained every time the variation of torsion angles in a
molecule leads to a region of the molecule’s potential energy surface that is associated with a new
minimum that is structurally not equivalent to the original one).}* On the other hand, packing
polymorphism relates to polymorphs that are constituted by the same conformer.™* In the case of
conformational polymorphism, the intermolecular forces are strong enough to supersede the
intramolecular forces and stabilize, in the crystalline state, conformers that are not the conformational
ground state for the isolated molecule. In contrast, in the case of the packing polymorphism, most
frequently intramolecular forces determine the conformer which is present in the different polymorphs.
This is in general the most stable conformer found for the isolated molecule, but the selection of a
higher-energy form upon crystallization is not a rare phenomenon. In both types of polymorphism
(conformational and packing), intermolecular interactions are distinct in the different polymorphs; in
the case of conformational polymorphism, both inter- and intramolecular interactions are essentially
different from polymorph to polymorph and, together, determine the dissimilar properties of the
polymorphs.t25-7

Color polymorphism is the term used to define a compound presenting either conformational
or packing polymorphs that display different color.! It is a rather uncommon property of polymorphic
systems, and that is why, in spite of their relevant potential applications in several areas, like in pigments
and sensors industries, for example®?! the number of known compounds exhibiting color
polymorphism is still very limited.*22!

In this work, we describe a compound that presents color polymorphism. The compound, 2,4,6-
trinitro-N-(m-tolyl)aniline (C1sH10N4Os, or N-picryl-m-toluidine; Scheme 1, abbreviated TMA) is made
by the combination of a picryl moiety with a meta-toluidine ring, and it is a close parent of the previously
investigated para-toluidine analogue, 2,4,6-trinitro-N-(p-tolylaniline (or N-picryl-p-toluidine; Scheme
1). N-picryl-p-toluidine was reported for the first time in 1909, by Busch and Pungs, and its color
polymorphism is known since then.!® Subsequent studies on this compound allowed for the
determination of the crystal structures of its orange-yellow and dark-red polymorphs, and the

investigation of their interconversion.?2-% The color polymorphism in N-picryl-p-toluidine is a typical
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case of packing polymorphism, where the same conformer is present in the different polymorphs.! Very
interestingly, as it is shown in the present article, the synthesized N-picryl-m-toluidine analogue gives
rise to 3 different polymorphs, which show both packing and conformational types of color
polymorphism. The different position of the methyl group in the toluidine ring, which favors a larger
number of conformers resulting from the rotation about the N—Coiyiy bond in the case of the presently
studied m-substituted molecule, compared to the p-substituted compound previously investigated, is the
main structural reason justifying the different behavior of the two compounds regarding the number of

polymorphs and type of structural relation between them.

N02 NOZ
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02N N02 OZN NOZ CH3
TMA

Scheme 1 — 2,4,6-Trinitro-N-(m-tolylaniline (TMA, left), and 2,4,6-trinitro-N-(p-tolyl)aniline (right).

In the next sections of this article, we will present the details of the synthesis of TMA, followed
by the theoretical characterization of its conformational space using the DFT method, and the
subsequent investigation of the isolated molecules of the compound trapped into a cryogenic inert
matrix, by infrared spectroscopy. The interpretation of the spectroscopic results is supported by the
comparison of the experimentally obtained spectra with those predicted theoretically for the
experimentally relevant conformers. These investigations on the isolated molecule shed light on the
major intramolecular interactions determining the conformational preferences of the compound. Then,
the results of the performed polymorph screening, by recrystallization of the compound using different
solvents, are presented. Three different polymorphs, exhibiting red, orange and yellow colors, were
obtained, which were afterward characterized structurally by single crystal X-ray diffraction,
vibrationally, by infrared and Raman spectroscopies (complemented by fully-periodic DFT calculations
on the crystals), electronically, using solid state ultraviolet-visible (UV-visible) absorption
spectroscopy, and thermodynamically, by differential scanning calorimetry (DSC) and polarized light
thermomicroscopy (PLTM). On the whole, the reported investigation constitutes a comprehensive
structural (for both the isolated molecule and crystalline phases), spectroscopic and thermal analysis of

the studied compound, with particular emphasis on the rare color polymorphism it exhibits.

2. Experimental and Computational Methods and Instrumentation
2.1. Experimental methods and instrumentation
The reagents and solvents were obtained commercially with analytical grade. For the

initial characterization of the synthesized compound, the *H and *C NMR spectra (Figure S1, in

3



the Supporting Information) were recorded on a Bruker Avance Il instrument, operating at 400 MHz
and at 100 MHz, respectively. The solvent used was deuterochloroform. The infrared (IR) spectrum
(Figure S2) was recorded on an Agilent Cary 630 FTIR Fourier transform spectrometer, with a
diamond-based attenuated total reflection (ATR) cell (Smart Orbit). Melting point (uncorrected) was
determined in an open glass capillary. Elemental analysis was carried out with an Elemental Vario
MicroCube analyzer. Thin-layer chromatography (TLC) analyses were performed using precoated
silica gel plates.

The cryogenic matrices were prepared by co-deposition of vapors of the studied compound
together with a large excess of the matrix host-gas [Ar (N60) obtained from Air Liquide] onto a Csl
substrate placed at the cold (15 K) tip of the cryostat (ARS Cryogenics closed-cycle helium refrigeration
system, with a DE-202S1 expander). The solid compound was sublimated from a homemade Knudsen
cell, the calve nozzle being kept at room temperature. The temperature of the Csl window was measured
directly at the sample holder by a silicon diode sensor, connected to a digital temperature controller
(LakeShore 335 Temperature Controller), which provides an accuracy of 0.1 K. The IR spectrum of the
matrix-isolated compound, in the 4000—400 cm™ range, was obtained using a Thermo Nicolet iS50
Fourier transform infrared spectrometer equipped with an MCT/A detector and a KBr beam splitter,
with 0.5 cm™* spectral resolution and 256 scans. To avoid interference from atmospheric H.O and CO,,
a stream of dry CO--filtered air was continuously purging the optical path of the spectrometer.

The different polymorphs of TMA were obtained by recrystallization with the slow evaporation
of different solvents at room temperature. 30 mg of the compound were dissolved in 5-10 mL of the
solvent, depending on the solubility, the solutions were filtered to prevent any crystal seed and the
solvent left to evaporate at room temperature. The solvents used were toluene, 1,4-dioxane,
tetrahydrofuran (THF), dichloromethane, chloroform, carbon tetrachloride, acetone, butanone,
dimethyl sulfoxide (DMSO), ethyl acetate, formic acid, acetic acid, methanol, ethanol, 1-propanol,
dimethylformamide (DMF) and acetonitrile.

The infrared spectra of the polymorphs were collected in the attenuated total reflectance (ATR)
mode, using a Thermo Scientific FT-IR Nicolet iS5 system, with an iD7 ATR accessory (angle of
incidence: 45; crystal: diamond). The spectra were recorded in the wavenumber range of 400—4000
cm?, with spectral resolution of 1 cm™, being the average of 512 scans. The Raman spectra were
obtained with 4 cm™ resolution, in the 50-3350 cm™ wavenumber range, with 785 nm excitation
provided by a solid-state laser, using a BWTEK i-Raman Pro instrument, equipped with a CCD detector.
The spectra were collected using a 20x magnification objective, the exposure time of 10 seconds, with
10 accumulations, and a laser power at the sample of ~4 mW, to prevent thermal degradation of the
sample.

The single crystal X-ray diffraction experiments were performed at room temperature using
graphite monochromated MoKa. (4 = 0.71073 A) radiation in a Bruker APEX Il diffractometer. The

structure was solved by the dual-space algorithm implemented in SHELXT-2018/2, and full-matrix
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least-squares refinement of the structural model was performed using SHELXL-2018/3. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were placed at calculated idealized
positions and refined as riding using SHELXL-2018/3 default values,?” except for those of the N-H
group that were refined isotropically with a displacement parameter constrained to 1.2x their parent
atoms.

Full details on data collection and structure refinement are provided in the Supporting
Information (Crystallographic Data). A summary of the data collection and refinement details is given
in Table 1. CIF files containing the supplementary crystallographic data were deposited at the
Cambridge Crystallographic Data Centre, with reference CCDC 2100574 (yellow polymorph),
2100587 (red polymorph) and 2100671 (orange polymorph).

Table 1 — Summary of the single-crystal X-ray data collection and crystal structure refinement.

Chemical formula C13H10N4Og
Formula weight 318.25
Color, shape yellow/plate orange/plate red/block
Space group P2i/c Pna2; P-1
Temperature(K) 292(2) 294(2) 292(2)
Cell volume (A3) 681.42(4) 1388.0(3) 681.42(4)
Crystal system monoclinic orthorhombic triclinic
a(A) 12.5800(7) 29.971(3) 7.5195(2)
b (A) 8.0014(4) 9.0537(10) 8.3723(3)
c(A) 15.0156(8) 5.1150(6) 12.2263(4)
a (deg) 90 90 81.0389(19)
B (deg) 110.794(2) 90 81.9157(18)
y (deg) 920 90 64.0565(17)
21z 4/1 4/1 2/1
D¢ (Mg m3) 1.496 1.523 1.551
Radiation (A) 071073 0.71073 0.71073

(graphite, monochromated)
Max. crystal dimensions (mm)

0.53x0..45%0.18

0.43x0.35%0.19

0.25x0.19x0.17

O range (deg) 1.732-27.496 2.350-27.497 3.257-27.482
Range of h, k, | -16,16;-10,10;-19,19  -38,38;-11,11;-6,6 -9,9;-10,10;-15;15
Reflections measured/independent 26093/3250 39121/3190 53896/3125
Reflections observed (1 > 2 o) 1931 2141 2031
Data/restraints/parameters 3250/0/212 3190/1/212/ 3125/0/212
GOF 1.029 1.046 1.035
R1 (1 >20) 0.0532 0.0448 0.0556
WR> 0.1613 0.1054 0.1714
Function minimized W (|Fo|? — SIF¢f?) W (|Fof? — S|FcP) S w (JFof? — SIFcP)
Diff. density final max/min (e A 3) 0.255, -0.253 0.202,-0.176 0.426, -0.269




DSC experiments were performed using a PerkinElmer Pyris-1 power compensation
calorimeter, with a 1:1 v/v ethylene glycol-water cooler at —25 °C and a 20 mL min™* nitrogen purge
flow. Hermetically sealed aluminium pans were used (samples weighting between 1 and 2 mg), with an
empty pan used as reference. Indium (PerkinElmer, 99.99%, Trns = 156.60 °C) and biphenyl (CRM
LGC, Tns = 68.93 °C + 0.03 °C) were used for temperature and enthalpy calibrations. In the
experiments, the samples were scanned from 25 to 140 °C at a scan rate of 10 °C min™2. Polarized light
thermal microscopy (PLTM) images (200x) were obtained within the range of temperature of the DSC
experiments on a system that includes a DSC600 Linkam hot stage attached to a Leica DMRB
microscope.

The absorption spectra of the crystalline samples were recorded by collecting diffuse
reflectance using an Agilent Cary 5000 DRA UV-vis-NIR spectrometer, with an integrating sphere
accessory with detection in the 200-2500 nm range. The background correction was performed by
collecting the baseline with 0% and 100% reflectance (using a blocked beam and a
polytetrafluoroethylene reference sample, respectively) before the collection of the spectra of the
investigated samples. The conversion to absorption was performed assuming the Kubelka-Munk
function.?® The color parameters were determined according to the CIE (Commission Internationale de
I’Eclairage proceedings) 1931 scale diagram.?® The x and y color parameters were determined from the
transmittance spectra acquired on the Agilent Cary 5000 DRA UV-Vis-NIR spectrometer.

2.2. Computational details

The density functional theory (DFT) calculations performed on the isolated molecule of the
compound, including the geometry optimization, the dihedral coordinate scan, and the vibrational
spectra of the different conformers of the studied molecule were carried out using the Gaussian 09
program.®® Specifically, the three-parameter B3LYP density functional, with the Becke’s gradient
exchange correction® and the Lee, Yang and Parr correlation functional,®? was used together with the
6-311++G(d,p) basis set.>® Calculated frequencies for the monomeric species were scaled by 0.982.

The full geometry optimization of the crystal structures and prediction of IR and Raman spectra
of the three polymorphs of the studied compound were carried out using the CRYSTAL1734% code,
within the DFT framework. To test the accuracy of different functionals and basis sets, the B3LYP3132
and PBEO® hybrid exchange—correlation functionals were used, together with the 6-31G(d,p) basis set.
The empirical correction for dispersion interaction (DFT-D) developed by Grimme®=° was also
employed to consider van der Waals and other dispersion attractive interaction forces. In all
calculations, the atomic positions and the lattice parameters were fully optimized. The input structures
for the calculations were those experimentally determined and presented in this work. The vibrational
frequencies calculations at the I" point have been performed on the optimized geometries, as achieved
by the diagonalization of the numerically calculated Hessian matrices. All predicted frequencies were

scaled by a single empirical factor (0.9512)% to allow a better comparison with the experimental data.
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3. Results and Discussion

3.1. Synthesis of the compound and characterization of the obtained material

2,4,6-Trinitro-N-(m-tolyl)aniline (TMA) was prepared by the condensation of m-toluidine with
1-chloro-2,4,6-trinitrobenzene (Scheme 2), under conditions adapted from literature.** Sodium acetate
anhydrous (0.170 g, 2.07 mmol) and m-toluidine (0.222 mL, 2.07 mmol) were added to a stirred solution
of 1-chloro-2,4,6-trinitrobenzene (0.512 g, 2.07 mmol) in ethanol (15 mL). The reaction mixture was
stirred at room temperature for 2 h (monitored by TLC). The precipitated product was filtered, washed
with 30% aqueous solution of ethanol and dried under vacuum to give an orange solid (0.490 g, 75%).
mp 120.0-121.8 °C (from ethanol). IR (ATR) v 735, 1090, 1173, 1293, 1336, 1507, 1530, 1591, 1602,
1620 and 3293 cm™. *H NMR 6 (CDCls): 2.34 (s, 3H), 6.87-6.88 (m, 2H), 7.10 (d, J =7.6 Hz, 1H), 7.25-
7.29 (m, 1H), 9.09 (s, 2H), 10.28 (br s, 1H). *C NMR 6 (CDCls): 21.4, 118.0, 121.5, 127.2, 128.6,
129.8, 137.2, 137.9, 139.0, 140.3. Anal. Calc. for C13H10N4Os: C 49.06, H 3.17, N 17.61. Found: C
49.07, H 3.03, N 17.59. Only one polymorph, of orange color, was obtained directly from the synthetic
procedure.

NO,
Na(AcOz) NH CH4
750 O,N NO,
TMA

Scheme 2 — Synthesis of 2,4,6-trinitro-N-(m-tolylaniline (TMA).

3.2. DFT calculations and matrix-isolation IR investigation of the TMA isolated molecule

The molecule of the studied compound has three a priori conformationally relevant coordinates,
which are associated with the internal rotations about the Cpicryy—N and N—Coiyiy bonds of the bridge,
and the rotation of the methyl group. However, the presence of the two nitro groups in the picryl moiety
ortho to the Cicryy—N bond leads to a strong conformational preference for structures where the picryl—
NH fragment is nearly planar, due to the establishment of an intramolecular hydrogen bond of N-H--O
type, forming a pseudo-6-membered ring. Since the conformation of the picryl-NH moiety is
determined by this reason, the internal rotation around the N-Cgoyy bond becomes the single
conformationally relevant coordinate associated with the bridging group.

A series of relaxed scan calculations was then performed, where the 4C-1N-7C-12C dihedral
angle was chosen as driving coordinate, varying by increments of +10° while all other internal
coordinates were optimized. Potential energy profiles corresponding to rotations in the two directions
(clockwise and anti-clockwise) were computed, and are depicted in Figure 1. The starting geometry and

the direction of the rotation influence the obtained energy profiles by the reasons explained below.
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Altogether, the obtained energy profiles allowed for identification of two pairs of equivalent-by-
symmetry conformers (herein-after referred to as conformers A/A’ and B/B’, or just A and B when
there are no doubts of the meaning of the abbreviated version; see Figure 2). Figure 3 shows the potential
energy profiles for methyl group rotation in each one of the conformers.

The potential energy plots shown in Figure 1 are very interesting. Along the rotation of the tolyl
moiety around the IN-7C bond, the orientation of the non-hydrogen-bonded ortho-nitro group has to
change, in order to avoid steric hindrance when the tolyl group tries to approach co-planarity with the
picryl moiety. Inversion at the amino bridge nitrogen atom also occurs during the scans. Hence, when
the scan starts at the geometry of the minimum B, corresponding to a 4C—-1N-7C-12C dihedral angle
of 144.0°, using steps of —10°, the molecule first crosses the B—A isomerization barrier (which amounts
to 13.0 kJ mol?), and reaches the global minimum (conformer A; 4C-1N-7C-12C of 40.4°), which
stays 0.5 kJ mol* below the energy conformer B. Then, the energy progressively raises to a value of
37.5 kJ mol 2, which occurs for a dihedral angle of ca. —56.0°, where the change of orientation of the
non-hydrogen-bonded ortho-nitro group takes place together with the inversion at the nitrogen of the
amine bridge, so that energy reduces abruptly. Continuation of the scan after this point, leads to the B’
minimum by overcoming the A’—B’ conformational transition. The subsequent scan from B’ in the
direction of B follows a similar pattern, with the energy growing progressively till reaching the position
at which an abrupt energy decrease takes place due to the change of the conformation of the non-
hydrogen-bonded ortho-nitro group and inversion at the nitrogen of the amine bridge, at a position
corresponding to a 4C-1N-7C-12C dihedral angle of ca. 124.0°, which is already smaller than that of
B. Hence, the scan starting from B for decreasing values of the 4C—1N-7C-12C dihedral angle does
not allow to reach the minimum A’, but only A and B’, and it does not return to the initial minimum B
when moving from B’. However, it shall be noticed that these findings do not mean that the different
minima do not interconvert. Indeed, for example, after the abrupt change in the geometry taking place
at ca. —56.0°, the molecule still reaches the potential energy well of A’, so that the conversion between
A and A’ can effectively occur in practice (the same can be stated for the conversion between B’ and
B). If the scan is performed in the opposite direction, identical conclusions can be drawn, both regarding
the format of the potential energy profile along the scan, and about the real possibility of conversion
between A’ and A, on one side, and B and B’ on the other. The scans starting at the position of the
global minimum A yield identical results.

Taking into account the results discussed above, the barrier for interconversion between
conformer A and B (and their equivalent forms, A’ and B’) is of 13.5 kJ mol* (13.0 kJ mol in the
reverse direction) and those between the symmetry-related forms of both conformers, A and A’, and B
and B’, are 37.5 and 30 kJ mol, respectively. Conformer A is predicted to be only 0.5 kJ mol~* more
stable than conformer B, which in practical terms means that they are nearly iso-energetic. In both
conformers, the para and the ortho-hydrogen bonded nitro groups are nearly coplanar with the aromatic

ring to which they are bound (these two groups are tilted out of the plane of the ring by 0.1 and 11.0°
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respectively, in both conformers), while the second ortho nitro group is tilted by —40.2 and —41.2° from
the ring in conformers A and B, respectively, leading to a geometry where this group is nearly parallel
to the tolyl moiety. The geometry around the intramolecular hydrogen bond is identical in both
conformers, with the 5C-4C-1N-7C and 5C-4C-1N-1H dihedral angles being 154.4° and —13.4°,
respectively, and the IN—1H bond length being 1.017 A in both conformers, and the 1H--50 distance
being 1.813 and 1.811 A in conformers A and B, respectively. The 4C—1N and 1N-7C bond lengths are
also equal in the two conformers, the first being considerably shorter (1.348 A) than the latter (1.425
A) due to the n-electron delocalization from 1N to the picryl ring, which awards the 4C—1N a substantial

double bond character.

4C-1H-7C-1Nf °
(=]

4C-3C-3N-40/°

T T T T

i —&—incr =-10°

40 —e—incr = 10°
| , ]

35 +
30 —

25 -

AE/ kJ mol”

B' Al A B |

4C-1N-7C-12C/°

Figure 1 — Computed B3LYP/6-311++G(d,p) relaxed potential energy scans corresponding to the internal rotation
around the IN-7C bond, as defined by the 4C—1N-7C-12C torsion angle. The minima A/A’ and B/B’ correspond
to the two pairs of symmetry-equivalent minima. The increment (incr) in the driving coordinate is equal to +10°.
The arrows indicate the direction of the scans. The top and middle panels show the variation of the
pyramidalization degree at the bridging nitrogen atom (as expressed by the dihedral 4C-1H-7C-1N) and of the
orientation of the non-hydrogen-bonded ortho nitro group along the scans.
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Figure 2 — Geometries of the two conformers of TMA, with atom numbering. Each of the represented structures
have a symmetry-equivalent form (see Figure 1).

The orientation of the methyl group in the two conformers is slightly different (see Figure 3),
though in both cases one of the hydrogen atoms stays nearly perpendicular to the ring and points roughly
to the non-hydrogen-bonded ortho nitro group. However, in conformer A the 10C-11C-13C-H angle
(97.3% is larger than the 12C-11C-13C—-H angle (i.e., the nearly perpendicular methyl hydrogen atom
is turned to inside the molecule), while in conformer B the opposite trend is observed (the 10C-11C-
13C-H angle is, in this case 80.6°). This structural feature is most probably due to the different
importance in the two conformers of the long-range attractive interactions between the methyl group
and the closest located nitro group, motivated by the rather distinct H...O(NO) distances in the two
conformers (3.87 A in conformer A vs. 5.01 A in conformer B). It is also worth noticing that the barrier
for the methyl internal rotation, though being very low in both conformers, is predicted to be nearly
two-fold higher in conformer A than in conformer B (0.39 vs. 0.18 kJ mol?). This result is in
consonance with the explanation given above for the different orientations of the methyl group in the
two conformers, in particular the attractive nature of the long range H...O(NO) interaction, which is

stronger in conformer A, thus reducing in some extent the mobility of the methyl group.
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Figure 3 — Computed B3LYP/6-311++G(d,p) relaxed potential energy profile for internal rotation of the methyl
group in conformers A and B.
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Taking into account the results of the calculations, the populations of the two conformers in the
room temperature (RT, 298.15 K) gas phase equilibrium are estimated as 54% (A) and 46% (B). The
infrared spectrum of the TMA molecules trapped from the RT vapor of the compound into an argon
matrix at 15 K was obtained. The registered data in the full 3600-600 cm spectral range is provided
in the Supporting Information Figure S3, while Figure 4 shows the 1700-1400 cm™ region, whose
analysis allows to conclude on the presence of the two conformers in the matrix in populations that

match well the predicted ones.
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Figure 4 — Experimental infrared spectrum of monomeric TMA isolated in an argon matrix at 15 K (bottom),
calculated spectra of conformers A and B (top spectra) and the simulated sum-spectrum of the conformational
mixture according to the predicted room temperature Boltzmann populations. In the calculated spectra bands are
represented by Lorenztian functions centered at the scaled B3LYP/6-311++G(d,p) calculated wavenumbers.

In Figure 4, the experimental spectrum can be compared with the calculated spectra of the two
conformers and a spectrum built by adding these spectra with intensity scaled proportionally to the
predicted relative populations of the conformers in the deposited RT equilibrium gaseous beam. It is
considered here that this equilibrium is retained upon deposition, since the energy barriers separating
the conformers are all large enough to prevent their interconversion during deposition.*? Though the

spectra of the two conformers are very similar, in the spectral region depicted in Figure 4 it is clear that
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the population weighted spectrum fits much better the experimental spectrum than the individual spectra
of each conformer. The relative intensity of the feature appearing at ca. 1611 cm™* (comparing it with
the neighbor bands at 1627 and 1599 cm™) is predicted for conformer A to be much less intense than
that observed experimentally, while for conformer B it is too intense. On the other hand, the population
weighted spectrum fits nicely to the relative intensities of these bands in the experimental spectrum.
Indeed, the reproduction of the experimental data by the sum spectrum is remarkable regarding both
frequencies and relative intensities (see Figure 4), even for the low intensity bands, which does not
happen for the spectra of the individual conformers. For example, the band at 1494
cm, is absent from the spectrum of conformer A, and it is then a mark-band for the less stable
conformer B. Below 1400 cm™2, the reproduction of the experimental spectrum by the calculated sum-
spectrum is also very good, though some bands ascribable mostly to vibrations of the nitro groups have
been comparatively less well predicted by the calculations (the comparatively less good prediction of
the frequencies associated with the vibrations of the nitro groups can also be noticed in the spectral
region depicted in Figure 4, where the experimental bands at 1562 and 1550 cm, which have
significant contributions from the NO, anti-symmetric stretching modes, appear slightly overestimated
by the calculations.)

The good overall agreement between the experimental and calculated spectra allowed a reliable
assignment of the experimental bands, which is given in Table 2 (the full calculated vibrational data for
the conformers are given in the Supporting Information Tables S1 and S2). In Table 2, the bands that

are ascribable to the individual conformers are highlighted.

Table 2 — Assignment of the infrared spectrum of matrix isolated (Ar, 15 K) TMA.2

Experimental® Calculated®
Ar matrix Conformer A Conformer B
v v | v | Approximate descriptiond
3316 A/ 3308 B 3405.4 184.2 3402.0 1782 VNH
3107 3178.0 30.7 3179.0 30.8 vC6H
3096 3170.0 20.0 3170.2 20.7 vC2H
3056 3137.8 74 3136.2 4.7 vC8/9/10H s
3048 3124.9 11.3 3122.7 11.0 vC8/9/10H as
3034 3112.2 3.2 3110.3 44 vC8/9/10H as’
3034 3111.7 51 3116.1 3.3 vC12H
2989 3052.6 14.7 3052.5 126 vCHsas
2967 3027.1 13.7 3027.6 146 vCHjas’
2934¢ 2973.0 17.0 2973.5 235 vCHss
1627 1626.8 397.2 1627.2 319.5 vCCringl
1612 A/ 1610B 1615.5 30.5 1613.7 2416 vCCring2, SNH
1599 1597.8 376.3 1601.9 113.2 v2NO; as, vCC ringl, 3NH
1592 (sh) 1595.8 82.9 1594.5 268.0 VvCC ring2, v2NO, as
1562 1578.2 62.6 1578.1 70.8 ONH, v1/2/3NO; as
1550 1563.9 120.8 1563.7 113.1  v3NO; as, SNH
1535 1536.5 98.5 1536.2 106.8 vCCringl, vINO; as, v2NO; as
1515, 1505 (sh) 1518.1 337.6 1517.0 306.5 vCC ringl, vIN4C, 6C2H
1490 (sh) A/ 1494 B 1490.9 33 1495.7 59.5 8CHring2
1466 1472.3 335 1472.0 12.7 8CHsas
1457 1462.9 7.1 1462.7 6.4 0OCHjas’
1445 (sh), 1442 1446.5 71.9 1446.9 69.0 vCCringl, 3NH
1432 A/ 1425 B 1433.5 26.7 1426.6 242  vCCring2
1400 1409.6 1.8 1409.3 25 8C6H,vCCringl
1382 1391.1 3.6 1391.0 1.7 08CHss
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1349.6 38.7 1349.7 50.2 v3NO;s, 8C2H, vC3N

135 1346.6 102.3 1344.8 96.7 8C6H, v3NO; s, vVC3N
1341 1329.9 732.1 1330.0 7476 v2NO;s, vC2N

n .obs. 1322.0 1.2 1322.9 1.2 8CH ring2

1317 1307.1 99.1 1309.6 72.6  8CH ring2

1300, 1290 1287.3 263.8 1287.7 288.7 v4NO; s, 8CH ring2
1280 1269.3 127.1 1269.1 124.2  vANO;s, 5C2/6H, SNH
1255 1246.4 5.1 1248.9 2.4 38CCring2, vIN7C, v11C13C
1188 1172.8 4.9 1174.4 3.9 G8CHring2

1188 1170.7 13.4 1171.2 14.9 38CHring2

1172 A/ 1176 (sh) B 1156.5 119.8 1157.3 97.9 3CCringl, vC2/3/4N s
1167 A/ 1160 B 1154.6 25.1 1152.7 48.9 3C2/6H, 6C12H

1094 1096.6 16.6 1099.1 3.4 3C8/10H

1082 1077.1 84.2 1077.6 942 38C2/6H

1040 1043.3 5.0 1042.5 6.9 yCHs

n. obs. 1012.0 0.5 1006.5 34 yCHz

1002 997.7 3.4 996.6 6.3 8CCring2

982 (?) 976.1 0.0 976.5 1.0 yC8/9/10H as

956 955.2 25 955.4 41 yC2/6H as

949 951.6 131 947.7 19.5  dring2, yCH3y’, vIN7C
943 939.6 18.2 939.3 146  yC3/6H s

940 933.2 27.2 931.8 26.6 vC2N, vC3N, 6C2H
924 A/ 931 B 917.3 46.8 921.2 46.6 vC4N, 54NO;

897 901.4 9.7 902.6 9.5 yC8/10H as

868 871.4 8.0 871.4 8.2 yCl12H

842 A/ n. obs. B 839.5 5.7 830.9 3.8 8CCringl

826 827.8 6.5 827.5 10.4  82/3/ANO; s

793 791.5 22.8 791.7 18.2  yC8/9/10H s

774 769.5 21.6 773.6 30.7 y3NO,, yC8/9/10H s
751 A/ 756(?) B 748.8 13.0 753.7 7.8  y3NO, tringl, 5CC ringl
747 742.5 9.3 741.7 6.0 y4NO,y3NO, tringl
739 7304 17.2 728.8 15.6 yNH, 8CC ringl, 54NO,
722f 717.1 19.2 717.7 19.1  y4NO,, tringl

727" 709.6 39.8 708.9 35.8  vy2NO,, yNH

694 696.6 20.8 695.8 20.2  yNH, tring2

680 683.6 16.3 681.7 121 yNH

680 A/ 670 B 680.1 17.6 674.8 25.9  tring2, y3NO, 3CC ringl, yNH

3 Frequencies (v) in cm™; calculated IR intensities (1) in km mol2. ® A scaling factor of 0.982 was used for
calculated frequencies. ¢ sh, shoulder; n. obs, not observed; ?, uncertain. %v, stretching; 8, bending, T, torsion,
v, rocking; s, symmetric, as, anti-symmetric, ringl and ring2 refer to the picryl and tolyl rings, respectively.
¢ This is the main band ascribable to the vCH3 s mode, while the weak bands between 2908-2947 cm™ are
overtones and combinations of the methyl bending vibrations in Fermi resonance with the vCHsz s mode. f The
proposed assignment is based on relative intensities; frequencies would lead to the opposite assignment.

3.3. Polymorphs screening, IR/Raman fingerprints of the polymorphs and X-ray structures

For polymorph screening, TMA was dissolved in different solvents, as described in Section 2.1,
and the different solutions were left to slow solvent evaporation at room temperature. The crystals that
were obtained in the different patches were first observed at the microscope and then analyzed by
Raman and IR-ATR spectroscopies.

Crystals of different colors were obtained from the recrystallizations. Yellow crystals were
obtained in the recrystallizations using carbon tetrachloride, toluene, butanone, 1-propanol and ethanol,
orange crystals from dimethyl formamide (DMF), acetonitrile, acetic acid, 1,4-dioxane, ethyl acetate,
chloroform and tetrahydrofuran (THF), and red crystals from dimethyl sulfoxide (DMSO).
Recrystallization from acetone yielded both yellow and red crystals, while recrystallization from
methanol produced red and orange crystals, and a mixture of yellow and orange crystals was obtained

in the recrystallization using formic acid. The attempt to produce crystals upon recrystallization in
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dichloromethane failed and, instead, amorphous droplets of TMA were obtained. The crystals of the
different polymorphs exhibit different habits (Figure 5), the yellow (Y) and orange (O) crystals
appearing as plaques (elongated in the case of the orange variety), and the red ones (R) being block
shape. The Raman and IR-ATR spectra of the three polymorphs were obtained, and are provided Figures
S4 and S5 (Supporting Information). Selected regions where the spectra of the polymorphs differ more

are presented in Figures 6 and 7.

Figure 5 — Photographs of yellow (recrystallized in carbon tetrachloride), orange (recrystallized in DMF) and red
(recrystallized in DMSO) crystals of TMA, with 20x magnification.
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Figure 6 — Benchmark regions of the Raman spectra of the yellow (Y), orange (O) and red (R) crystals of TMA.
Spectra were normalized to the peak intensity of the most intense band near 1335 cm™2.
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Figure 7 — Benchmark regions of the IR-ATR spectra of the yellow (Y), orange (O) and red (R) polymorphs of
TMA. Spectra were normalized to the peak intensity of the band near 1505 cm™.

14



Both the Raman and IR-ATR spectra of the different polymorphs are significantly distinct,
allowing for their simple discrimination, with the spectra of the yellow polymorph differing more from
those of the orange and red polymorphs than the spectra of these latter from each other. This later result
can be taken as an indication of the greater structural similarity of the orange and red polymorphs,
compared to the yellow form.

The most intense band observed in the Raman spectra of the three polymorphs is due to the
NO; symmetric stretching mode of the nitro group in para position to the picryl moiety. The band is
observed at clearly distinguishable frequencies in the three polymorphs: 1335 (YY), 1338 (O) and 1333
(R) cm. Considering its much higher intensity compared to all the other bands in the Raman spectra
of the polymorphs (see Figure 6 A), this band is the best possible marker for polymorph fast
identification, even in experimental conditions that might not allow spectra of good quality to be
obtained. The bands appearing as low-frequency satellites of this band are also good indicators for
polymorph identification, with the yellow polymorph showing two bands in this region (at 1271 and
1254 cm™), the orange polymorph a group of three bands at 1311, 1297 and 1252 ¢cm, and the red
polymorph a pair of bands centered at 1287 and 1253 cm. In addition, the bands at ca. 1510 and 1400
cm* show similar profiles and intensities in the O and R polymorphs, but are very much less intense in
the Y polymorph, thus allowing easy distinction of this later species from the other two polymorphs.

The most intense Raman bands appearing in the 700-450 cm™ spectral range (see Figure 6 B)
are also very much discriminative. The spectrum of the Y polymorph shows a single intense band at
572 cm*, while in the spectra of both the O and R forms two intense bands are observed in this region,
at 641 and 589 cm™ (O) and 635 and 593 cm™* (R). Noteworthy, the pair of bands observed in the
spectrum of R polymorph is more than twice as intense as that observed in the spectrum of the O form.

In the case of the IR-ATR spectra, the high-frequency region (see Figure 7 A), where the NH
and CH stretching vibrations absorb, is very much appropriate for discrimination of the polymorphs.
The NH stretching is observed at 3339, 3293 and 3304 cm™?, respectively for the yellow, orange and
red crystals, while the highest intensity CH stretching band (v6CH) appears at 3105 (Y), 3090 (O) and
3083 (R) cm™. It is also interesting to note that the relative intensity of these two bands is very much
different in the yellow polymorph, compared to the orange and red polymorphs. While in the former
the bands are of nearly equal intensity, in the latter two polymorphs the NH stretching band is almost
twice as intense as that due to the CH stretching vibration.

The 1650-1350 cm™ region of the IR-ATR spectra is rather congested, but globally quite
distinct in the different polymorphs (see Figure 7 B). In this spectral region the bands can be roughly
grouped in 3 sets: a high frequency group, above 1570 cm; a low frequency group, below 1520 cm™;
and an intermediate set of bands, between 1570 and 1520 cm. This grouping is very much arbitrary,
but, in a certain perspective, it is a “picture” of the structure of the molecule, which has two ring-
fragments linked by a small bridge that appears as the structurally most relevant element. In this

analogy, the spectroscopic bridging region between 1570 and 1520 cm is also the most relevant of the
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3 sub-regions for polymorphs distinction: between 1570 and 1520 cm?, the spectrum of the yellow
polymorph exhibits two intense bands at 1563 and 1538 ¢cm, while those of the orange and red
polymorphs show only one intense band at 1531 and 1540 cm™?, respectively.

In the 700450 cm region, the IR-ATR spectrum of the yellow polymorph is also very much
different from those of the orange and red forms (see Figure 7 C). Just to mention the most evident
differences: (i) around 690 cm™, the yellow polymorph gives rise to a doublet of bands (at 696 and 687
cmt), whereas the orange and red polymorphs show a single band (at 693 and 692 cm™2, respectively);
and (ii) the most intense bands appearing below 650 cm are observed at 607, 579, 540 (most intense)
and 490 cm for the yellow polymorph, and at 640/636 (most intense), 588/596, 542/533 and 499/508
cm for the orange and red crystals, respectively.

On the whole, it can be concluded that both Raman and IR-ATR spectra are good fingerprints
of the polymorphs of TMA, the spectra of the orange and red polymorphs being more similar to each
other than to the spectra of the yellow polymorph, which is an indication that the first two polymorphs
should share more common structural features.

To perform a detailed assignment of the spectra, a computational study relying on state-of-the-
art first principles fully periodic calculations was performed on all polymorphs using the X-ray
determined structures discussed below. The model to be used in these calculations was first chosen by
testing different combinations of functional and empirical corrections for dispersion interaction, DFT-
D proposed by Grimme,*"~% to predict the unit cell parameters. The results of this benchmarking are
shown in Table S3 (Supporting Information), and led us to select the PBEO functional with the 6-
31G(d,p) basis set. The theoretically obtained spectra are shown in Figures S6-S9 and the tentative
assignments are given in Tables S4 and S5, in the Supporting Information. It is worth noticing the
general good description of the experimental spectra by the computations (in particular in the case of
the Raman spectra). For example, the highest intensity Raman bands in the experimental spectra (Y:
1335; O: 1338; R: 1333 cm™) correspond in the calculated spectra to pairs of bands at 1380/1369 (),
1378/1365 (O) and 1382/1365 (R) cm, with intensity-weighted gravity centers at 1373, 1369 and 1371
cm?, while the mark-bands observed at 572 (), 641 and 589 (O), and 635 and 593 (R) cm™ are
predicted at 579 (), 652 and 590 (O) and 659/640 and 584 (R) cm™, respectively.

The structures of the three polymorphs were determined by single crystal X-ray diffraction. The
crystals of the yellow, orange and red polymorphs were found to belong to the monoclinic,
orthorhombic and triclinic crystal systems, respectively. The monoclinic and triclinic polymorphs
belong, respectively, to the centrosymmetric P2:/c and P-1 space groups, whereas the orthorhombic
one crystallizes in the non-centrosymmetric Pna2; space group. The X-ray analysis confirmed that the
polymorphs feature notorious differences in both molecular conformation, molecular packing and
intermolecular interactions.

The molecular conformation found in the crystal structure of the yellow polymorph is close to

that of conformer A described for the isolated molecule, whereas conformer B is present in both orange
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and red polymorphs (Figure 8), thus confirming the indication obtained from the IR-ATR and Raman
data that the yellow polymorph should have fundamental unique structural features compared to the
remaining two polymorphs. As described in detail below, distinct hydrogen bonding networks are
observed in the polymorphs, thus contributing to the observed preferential stabilization of a specific
conformer (either A or B) in the different crystalline states.

Figure 8— ORTEP plots of the monoclinic (Y, left), orthorhombic (O, centre) and triclinic (R, right) polymorphs
of TMA. The anisotropic displacement ellipsoids are drawn at the 50% probability level.

Valence angles and bond distances in the molecule determined in the X-ray study are
unexceptional for all polymorphs, falling within the range of expected values. The internal ring angles
adjacent to the carbon atoms attached to the strong electron withdrawing NO> groups are significantly
larger than those adjacent to unsubstituted carbon atoms (Table 3).%* The N-O bond distances are in the
range of 1.203-1.233 A, a small lengthening being observed for the bonds involved in hydrogen-
bonding, as described below.

In the three polymorphs, the angle between the least-squares planes of the two phenyl rings is
similar, ranging from 53.93+0.12° (Y) up to 56.97+17° (O). The differences in molecular conformation
are best put into evidence by an analysis of the torsion angles of the molecule (Table 4). Notorious
differences are seen in both those angles involving rotation of the nitro groups around the N—Cry
bonds and those corresponding to the conformational flexibility of the molecule around the 1N-7C and
4C-1N bonds. As shown below, not only steric effects but also the different involvement of the NO»
groups in the hydrogen-bonding networks of these polymorphs explain the observed differences in the
torsion angles of these groups in the three polymorphs, as well as the differences to the corresponding

angles calculated for the A and B conformers of the isolated molecule.

Table 3 — Valence angles in the picryl ring of the three polymorphs of TMA.

Angle/ © Monoclinic Orthorhombic Triclinic
(Y) (0) (R)
6C-1C-2C 120.5(2) 121.5(3) 121.5(2)
4C-5C-6C 123.8(2) 123.3(3) 123.2(2)
2C-3C-4C 123.5(2) 123.8(3) 124.1(2)
1C-2C-3C 119.8(2) 118.8(3) 118.8(6)
5C-6C-1C 119.1(2) 119.0(3) 119.2(2)
3C-4C-5C 113.2(2) 113.3(3) 113.4(2)
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Table 4 — Relevant dihedral and torsion angles for the three polymorphs of TMA.

Angle/°© Monoclinic Orthorhombic Triclinic
(Y) (®) (R)

Torsion angle
<(1C...6C)/(7C...12C) 53.93(12) 56.97(17) 57.85(12)
<(1C...6C)12NO> ~1.5(3) 17.0(4) 8.3(3)
<(1C...6C)/I3NO> 41.5(3) 40.3(5) 48.2(4)
<(1C...6C)/4NO; 31.4(3) 18.9(4) 13.6(3)
Dihedral angle
2C-1C-2N-10 1.2(3) 15.6(5) 7.8(4)
4C-3C-3N-40 -38.9(4) 38.6(5) —44.8(4)
6C-5C-4N-60 30.3(5) -16.6(5) 12.8(3)
5C-4C-1N-7C 147.8(3) ~150.7(4) 153.0(2)
4C-1N-7C-12C 152.8(3) —142.4(4) 143.5(3)

The three polymorphs show quite distinct hydrogen-bonding patterns, depicted in Figure 9, with
details given in Table 5. Like for the isolated molecule of the compound, in the three polymorphs a
strong intramolecular hydrogen bond is established between the amine 1N-1H group of the bridge and
the neighbor ortho NO; group (with the 50 atom acting as proton acceptor). Notoriously, in the red
polymorph this hydrogen bond is bifurcated, the IN-1H proton being shared by two 50 atoms, one
pertaining to the same molecule (intramolecular bond) and the other to a symmetry related 50 atom of
a neighbor molecule, the intermolecular bond being much weaker than the intramolecular bond as
inferred from the observed D—H and DA distances (D and A representing the proton donor and
acceptor atoms). In addition to the hydrogen bonds involving the bridging N-H group, inspection of the
intermolecular distances shows several short C-H--O distances with a suitable geometry that may
gualify them as weak hydrogen bond interactions (see Table 5).

In the monoclinic polymorph (), the molecules are joined by these weak hydrogen bonds in
an extensive 3D pattern (see Figure 9). In the orthorhombic (O) polymorph, the hydrogen bond pattern
joins the molecules in chains running along the crystallographic b-axis, the structure consisting of a
stacking of these chains. In the case of the triclinic (R) polymorph, centrosymmetric pairs of molecules
joined by the bifurcated 1N-1H--50 bonds propagate in chains running along the [111] direction, the
dimers being joined by weaker C—H O bonds.

Table 5 — Hydrogen bonds and short intermolecular contacts for the polymorphs of TMA.2

Polymorph D-H-A D-H/ A H-A/ A DA/ A <D-H-A/°
Y 1N-1H--50 0.83(3) 2.07(3) 2.701(4) 133(3)
Y 6C—6H--20?2 0.93 2.46 3.222(3) 139

Y 11C—11H--30° 0.93 2.42 3.325(5) 163

Y 13C-13gH-50°¢ 0.96 2.60 3.415(5) 144

0 1IN-1H--50 0.90(4) 1.89(4) 2.649(4) 141(3)
0 1N-1H--10f 0.90(4) 2.42(4) 3.085(4) 131(3)
o} 6C—6H-509 0.93 2.56 3.480(5) 169

o} 8C—8H-40" 0.93 2.56 3.373(5) 147

R IN-1H-50 0.85(3) 1.97(3) 2.633(3) 135(3)
R 1N-1H--504 0.85(3) 2.56(3) 3.197(3) 151(3)
R 6C—6H--20¢ 0.93 2.43(3) 3.322(3) 163

Symmetry codes: a) 1-x, —y,1-z; b) —x, —1/2+y,3/2-z; ¢) x,1+y,z; d) —x,2-y,1-7; ) 2-x,1-y,1-z; f) X, -1+y,z; Q)
1/2—x,1/2+y,1/2+z; h) x,y,1+z
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Figure 9 — Hydrogen-bonding network in the monoclinic (), orthorhombic (O) and triclinic (R) polymorphs of
TMA. In the case of the orthorhombic crystal, the view is a projection of the structure along the c-axis.

3.4. Hirshfeld surfaces analysis of the polymorphs

The analysis of molecular crystal structures based on Hirshfeld surfaces, developed by
Spackman and co-workers, is a powerful, elegant way to interpret intermolecular interactions in a
crystal and to analyze crystal packing.*+*® In this study, we used this approach to compare the structures
of the three polymorphs of TMA. The analysis was performed using CrystalExplorer 17.5,% based on
the structure input files of the polymorphs (in CIF format). The results are summarized using maps of
the normalized contact distance, dnorm, ON the calculated Hirshfeld surfaces, and the corresponding 2D-
fingerprint plots. dnorm is calculated from the distances of a given point of the surface to the nearest atom

outside, de, and inside, d;, the surface, as defined by Eq. 1 (where ;"W

are the van der Waals radii), and
allows the identification of the regions of the molecule where intermolecular interactions are more
relevant.*#" The 2D-fingerprint plots allow to condense the information about the relative importance
of the different combinations of d. and di throughout the surface of the molecule, indicating the types
of intermolecular interactions present in the system and also their relative importance, as given by the

associated percent areas of the surface. 54850

di _ rivdW de _ 7,.evdW 1
dnorm = rraw rraw (1)
i e
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Figure 10 shows the calculated Hirshfeld surfaces for the Y, O and R polymorphs of TMA, with
the respective intermolecular contacts, as given by the dnom values, which vary from —0.25 to 1.31 in
the Y polymorph, from —0.15 to 1.38 in the O polymorph, and from —0.25 to 1.18 in the R polymorph.
The magnitude of the intervals of dnorm Values follow the order 1.56 (YY) > 1.53 (O) > 1.43 (R), which is
in agreement with the relative densities (Mg m=) of the crystals 1.496 (Y) < 1.523 (O) < 1.551 (R) (see
Table 1). The red spots on the surfaces shown in Figure 10 represent the most important intermolecular

interactions (see also Table 5).
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Figure 10 — dnorm mapping on the Hirshfeld surfaces of the molecules in the crystals of the three polymorphs of
TMA. Two different viewpoints are shown for each molecule (in the left column, with the nitrobenzene group on
the left-hand side, and in the right column with the nitrobenzene group on the right-hand side). Atoms participating
in the indicating interactions that belong to neighbor molecules are notated using a plica.

Table 6 presents the relative percentages of the Hirshfeld surfaces assigned to the different types
of intermolecular interactions, while the corresponding de vs. di 2D-fingerprint plots are provided as
Supporting Information (Figures S10-S12). The H-~O/O-H interactions are the prevalent ones in all
polymorphs, accounting for ca. 40% of the total interactions. In the O and R polymorphs, where the
molecules of TMA are in the B conformation, this type of interaction amounts to 42.7% and 38.6%,
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respectively, while in the Y polymorph (made by molecules in the A conformation) it represents 38.2%
of the total interactions. The H-C/C-H interactions are also comparatively more important in the O
and R polymorphs (12.8% and 14.7%, respectively) than for the Y form (8.9%). On the other hand, the
HH interactions (the second most relevant ones) are more significant in the Y polymorph (22.1%),
compared to the O (20.6%) and R (18.2%) forms. These data indicate that the crystal stabilization of
the O and R polymorphs is ensured in a higher level both by conventional (H--O/O-H) and non-
conventional (H--C/C--H) hydrogen bonding, when compared with the Y form (which is in consonance
with the higher density of these crystals as well as with the shorter intervals of their dnorm Values), while
in the Y polymorph dispersive forces are comparatively more important. This latter conclusion is further
supported by the larger contributions in the Y polymorph also of O--O and C--C interactions (11.6 and
4.7%, respectively), compared to the O (9.4 and 0.4%) and R (9.7 and 1.7%) forms.

Table 6 — Percent areas of the Hirshfeld surface assigned to the different types of
intermolecular interactions in the three polymorphs of TMA.

Interactions Y @) R
H--0/O-H 38.2% 38.6% 42.7%

H-H 22.1% 20.6% 18.2%

00 11.6% 9.4% 9.7%
H-C/CH 8.9% 12.8% 14.7%
C-+0/0--C 7.3% 10.9% 5.6%

Cc-C 4.7% 0.4% 1.7%
O-N/N-O 3.8% 3.7% 3.1%
H--N/N--H 2.3% 2.7% 2.3%
CN/C+H 1.0% 0.7% 1.9%

3.5. Thermal analysis and thermodynamic relationship between the polymorphs

The thermal behavior of the three polymorphs was studied by differential scanning calorimetry
(DSC) and by polarized light thermomicroscopy (PLTM). The powder X-ray diffractograms of the
polymorphs are shown in Figure S13, where they can be compared with the simulated ones obtained
from the single crystal X-ray diffraction data. The two sets of data agree very well, showing that the
used materials correspond to the pure polymorphs. The DSC curves are presented in Figure 11 and the
values of melting temperature and respective melting enthalpy for each polymorph are presented in
Table 7.

From the heat of fusion rule,°t one can conclude that the three TMA polymorphs are
enantiotropically related, which means that the orange polymorph is the most stable crystal at the lower

temperatures (with all probability including room temperature), and the red and yellow forms
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correspond to the most stable forms in intermediate and high temperature ranges. Despite of this
enantiotropic relationship, after more than two years of storage at room temperature the transformation
of either the Y or R forms into the O polymorph was not observed, which points to a kinetic restriction
for such processes at this temperature.
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Figure 11 — DSC curves of the Y, O and R polymorphs of TMA (heating rate: 10 °C min). Masses: 2.10 mg (Y),
1.10 mg (O), 2.16 mg (R).

Table 7 — Melting point and enthalpy of fusion for the three polymorphs
of TMA.

Polymorph Melting point/ °C  Enthalpy of fusion/ kJ mol*

Y 1295+0.1 23.1+03
120.2+0.1 24605
R 1247+ 0.4 23.7+x0.3

The DSC curve of the O polymorph (see Figure 11) is relatively broad, compared to the curves
obtained for the other two forms. For that reason, it was decided to study the heating process by PLTM,
to visually investigate the melting process of this polymorph. The PLTM images are presented in Figure
12. At 118-120 °C the sample starts to melt, but the melting process is rather long, with small crystals
growing from the melt and then melting again. The temperature of melting of the newly formed crystals
(ca. 130 °C) indicates that they correspond to the yellow TMA polymorph (see Table 7). The formation

and subsequent melting of small crystals of either the Y or R polymorphs (or of both) alongside the
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melting of the O polymorph crystals could a priori explain a broadening of the DSC melting feature
observed for the O polymorph. As mentioned above, the PLTM experiments doubtlessly demonstrated
that, under the experimental conditions of the thermomicroscopy essays, polymorph Y crystallizes from
the melt, while the formation of the R polymorph is uncertain. On the other hand, the observed profile
of the DSC melting peak of the O polymorph sample, in particular its end-temperature (ca. 125 °C; see
Figure 11), indicates that in the DSC experiments it is the R polymorph that crystallizes from the melt
instead of the Y polymorph.

It is also interesting to note that the melted compound did not crystallize during cooling down

till 0 °C, while the formed glassy phase devitrifies upon heating at around 29 °C (Figure 13).

Figure 12 — PLTM images of the heating process of the O polymorph of TMA (heating rate: 10 °C min).
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Figure 13 — DSC devitrification curve of a melted sample of TMA (heating rate: 10 °C min‘t).

3.6. Electronic absorption spectra and color of the polymorphs

In order to better understand the origin of the different colors in the three polymorphs of TMA,
their UV-vis absorption spectra were collected (Figurel4 A). It is clear from the figure that the spectrum
of the Y polymorph is considerably different from those of the other two polymorphic forms, which
present an overall similar profile. The spectrum of the Y polymorph presents bands with maxima at 274
(UV), 447 (indigo) and 581 (green) nm and shoulders at 330 (UV) and 639 (red) nm, whereas the spectra
of the O and R forms show bands with maxima respectively at 316 (UV) and 454 (indigo) nm (O; the
band at longer wavelength clearly showing a profile compatible with the coalescence of two bands) and
322 (UV), 446 (violet) and 506 (green) nm (R). In the visible region, the spectral profiles of the different
polymorphs have absorption regions compatible with the colors they exhibit (see Figure 5), the color
parameters (X, y) obtained based on the absorption spectra using the CIE 1931 chromaticity scale being
(0.338, 0.334), (0.393, 0.367) and (0.432, 0.366) for Y, O and R, respectively (Figure 14 B).

CIE 1931 B
520

Absorbance

T T T T T T T T T T ,
500 0.0 0.1 02 03 0.4 05 06 07 0.8
Wavelength/ nm X

Figure 14 — Normalized solid-state UV-vis absorption spectra of the three polymorphs of TMA, in the 250—750
nm range (A), and the corresponding color parameters in the CIE 1931 chromaticity scale (B).?°
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Considering all the results presented in this study, in particular the spectroscopic data, which
are more similar for the O and R polymorph, where the TMA molecules exist in the same (B) conformer,
compared to the Y polymorph in which the TMA molecules adopt the A conformation, the different
colors of the polymorphs have to be determined in large amount by intramolecular structural features
that affect the electronic structure of the chromophore, which corresponds essentially to the picryl
moiety. A greater electron donation to the picryl ring shall take place in the R polymorph, and a more
reduced one in the Y polymorph, the O form being an intermediate case. The key to understanding the
mechanism leading to the different colors is the comparison between the IN-4C bond lengths in the
molecules constituting the different polymorphs. In the Y, O and R polymorphs, this bond length is
1.354, 1.348 and 1.341 A, respectively, which shows that the extension of the electron donation from
1IN to the picryl moiety follows the order R > O > Y, thus explaining the different colors of the
polymorphs. The N-C bond length in aniline is 1.355 A, which is indicative of an increased donation
from 1N to 4C in all polymorphs of TMA, due to the presence of the three nitro substituents in the picryl
ring of the molecule. On the other hand, the IN-7C bond in all the TMA polymorphs (Y: 1.421, O:
1.434, R: 1.430 A) is much longer than that found in aniline and closer to a typical N-C bond length in
an amine (ca. 1.469 A), which indicates that the electron delocalization from 1N to the tolyl moiety of
TMA is unimportant. This result is also relevant because, under these conditions, the 1N atom is more
available to donate to the picryl ring. Very interestingly, for the conformers of the isolated molecule of
TMA, the 1IN-4C bond length follows the opposite trend compared to what is observed in the crystals,
being shorter in conformer A (1.337 A) than in conformer B (1.371 A). This points to the relevance of
intermolecular interactions as a major factor in determining the extension of the electron donation from
AN to the picryl ring in the TMA crystals and, thus, ultimately also determining their color even when
they correspond to conformational polymorphs (like Y vs. O and R; O and R are packing polymorphs).

4, Conclusion

The color polymorphism exhibited by N-picryl-m-toluidine (TMA) appears as a fascinating
case where both conformational and packing polymorphs exist. As determined by single crystal X-ray
diffraction, the yellow polymorph is formed by TMA molecules assuming the conformation of the most
stable conformer (A) observed for the isolated molecule of the compound, while both the orange and
red polymorphs are formed by conformer B. Interestingly, despite the yellow polymorph presents
spectroscopic properties that differ more from those of the orange and red polymorphs, packing appears
to be the ultimate cause determining the different colors of all polymorphs, modulating the electronic
properties of the chromophore, in particular the electron donation from the amine bridge nitrogen atom
to the picryl moiety. This conclusion results from the analysis of the structural data obtained for the

isolated molecule and for the crystals, in particular the N—Cpicryy bond length, which is a measure of the
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electron delocalization from the bridging N atom to the picryl ring: this bond length correlates inversely
with the electron delocalization and it follows the expected order R < O <Y, but it is longer in the
isolated conformer B than in conformer A. Also in agreement with this conclusion, the structural data
show that the electron delocalization involving the tolyl moiety and the bridge is reduced and that the
angle between the two rings (picryl and tolyl) is nearly the same in all crystals.

The Hirshfeld surface analysis for the crystals demonstrates that stabilization of the O and R
polymorphs is ensured in a higher level both by conventional (H--O/O-H) and non-conventional
(H-C/C--H) hydrogen bonding when compared with the Y polymorph, while in this latter form
dispersive forces are comparatively more important. These differences might be in the origin of the
different influence of the crystal packing on the electronic properties of the chromophore.

The investigations performed on the TMA isolated molecule allowed to evaluate the major
intramolecular interactions determining the conformational preferences of the compound, and
characterize its two conformers (A and B) in detail both structurally and vibrationally. The information
obtained from these studies were instrumental for the understanding of the structure and properties of
the crystals of the different polymorphs.

The infrared and Raman spectra of the different polymorphs were investigated in a comparative
basis and fully assigned with help of contemporary fully-periodic DFT calculations on the crystals,
while the DSC and PLTM studies allowed to identify the enantiotropic thermodynamic relationship
between the polymorphs at normal pressure.

On the whole, this investigation constitutes a comprehensive structural (for both the isolated
molecule and crystalline phases), spectroscopic and thermal analysis of TMA, with particular emphasis

on the color polymorphism it exhibits.

Supporting Information

Figures S1-S13, with the 'H and *C NMR spectra of TMA, IR-ATR spectrum of the
synthesized material, IR spectrum of the matrix isolated (Ar, 15 K) compound and B3LYP/6-
311++G(d,p) calculated spectra its conformers, IR-ATR and Raman spectra of the polymorphs of the
corresponding calculated spectra obtained from fully periodic calculations, results of Hirshfeld analysis
of the studied crystals, and powder diffractograms (experimental and calculated) for the three
polymorphs; Tables S1-S5, with calculated IR spectra of conformers A and B of TMA, and results of
the fully-periodic quantum chemical calculations performed on the studied crystals (unit cell parameters
of TMA polymorphs, and their IR and Raman spectra). Tables S6-S32 provide structural X-Ray data
for the three polymorphs. CIF files containing the supplementary crystallographic data were deposited
at the Cambridge Crystallographic Data Centre, with reference CCDC 2100574 (yellow polymorph),
2100587 (red polymorph) and 2100671 (orange polymorph).
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