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ABSTRACT: The synthesis and structural characterization of seven system-
atically varied aromatic esters are reported. The compounds are analyzed using
single-crystal X-ray diffraction, dynamic scanning calorimetry, and variable-
temperature viscometry. The state of the compounds, i.e., liquid and solid, is
controlled, in part, via sterics of the ester functionalities which influence the
presence of specific noncovalent interactions in the solid state. Two distinct
conformational polymorphs are observed in the solid state. To rationalize the
formation of the conformational polymorphs, the intermolecular forces of the
crystalline structures were studied via Hirshfeld surface analysis, leading to the
conclusion that the unique geometries are controlled by a combination of
halogen contacts, 7 interactions, and interactions involving the nitro group on
the aromatic rings. These conclusions are further examined via computational
studies of the conformers, analysis of packing efficiency, and assessment of the
structure of the energy frameworks for the crystalline solids. Finally, the information derived from the analysis of the interactions is
used to simulate the growth of the crystals, helping to rationalize the conclusions about which interactions are responsible for the
phase behavior of the compounds.
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1. INTRODUCTION

One of the fundamental principles of chemistry is that
structure, or form, begets function. This statement is constant
across practically every branch of chemistry from materials
design' to crystal engineering” to function-specific applica-
tions.” The field of molecular design is likewise impacted by
this principle. Designing new materials and understanding their

influence long-range ordering through their ability to accept
multiple hydrogen bonds at both oxygen moieties (i.e., the
carbonyl and alkoxy oxygen) of the functional group.” For
instance, a recent work by Venkatesan et al. examined a series
of functionalized molecules bearing aromatic esters.'’ In their
studies, subtle changes in the packing of crystalline solids were
affected by tailoring the electronic properties of several ester
groups on the molecules, allowing for distinct intermolecular
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function using established structure—property relationships
require properly correlating experimental data and theoretical
studies. For example, recent studies from the Klapotke group
have examined the properties of a series of nitrated aromatics
for use as energetic materials.”® In their work, the Klapotke
group used the data gathered from several crystal structures to
validate and expand upon previously published models for
assessing the energetic potential of the materials. Through
balancing less favorable O--O and O--N interactions with
favorable O---H interactions, improved design of material
properties was accomplished. Furthermore, their work allowed
for a corrected computational model that is useful for
predicting additional functional compounds.

Aromatic esters comprise another class of functional groups
that are fundamentally important in all fields of chemistry.
Aromatic esters are elementary groups in synthesis,6
ubiquitous in pharmaceuticals,” and in materials design.’
Concerning crystal engineering, esters have been shown to
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interactions to form. These changes in the intermolecular
interactions allowed for a measure of control with respect to
the solid-state materials.

The analysis of crystal structures remains a vital and
fundamental area of research. Analyzing so-called “classical”
structural characteristics (e.g., bond distances, angles, and
connectivity)'' has been critical to the development of the
modern understanding of solid-state materials. Concomitant
with the advancement of modern computers, researchers
interested in advancing a deeper understanding of crystal
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Figure 1. Drawings of the seven compounds examined herein. Coloring is used to highlight the systematic variation in the ester chains.

structures have worked to develop newer methods of
investigation typically revolving around the analysis of
noncovalent interactions (NCIs). Several accessible and
approachable programs now exist wherein crystal structures
can be rigorously analyzed and their interactions carefully
scrutinized.'”™"> The references herein are solely based on the
authors’ experiences and do not in any way reflect the entirety
of the available software. Despite the available software and the
wealth of data they can produce, there remains the question of
how crystals form'® and which, if any, interactions are more
“important” in this process.'’

Herein, we present the synthesis, structural characterization,
and computational study of a series of nitroaromatics bearing
ester functional groups (Figure 1). The steric and electronic
impacts of halogenated alkyl groups on the ester moiety are
evaluated through systematically varying hydrogen for fluorine,
chlorine, or bromine atoms. A combination of steric
encumbrance and NClIs arising from the different functional
moieties of the aromatic ring leads to the isolation of a set of
conformational polymorphs. The impact of sterics is further
probed by incorporating isopropyl, trifluoroisopropyl, and tert-
butyl groups, leading to the formation of room-temperature
liquids. Examining the solid-state structures helps to rationalize
the formation of the liquid derivatives by clarifying the
importance of 7-stacking interactions to the formation of the
extended structures. Furthermore, the liquid compounds are
examined with variable-temperature viscosity and density
studies, allowing us to derive mathematical models to
rationalize the liquid-phase behavior of these compounds
(see Supporting Information—Discussion).

2. MATERIALS AND METHODS

2.1. Chemicals. 2.1.1. Spectroscopy. 'H, *C, and YF NMR
spectroscopy was performed on both JEOL 400 MHz NMR and
Bruker 500 MHz NMR spectrometers. NMR solvents were purchased
from Cambridge Isotope Laboratories. NMR shifts are referenced to
the residual solvent peaks.

2.1.2. Thermal Properties. Melting points, glass transitions, and
crystallization temperatures were measured using both a TA
Discovery Q250 differential scanning calorimeter and a PerkinElmer
8000 differential scanning calorimeter. Each sample was placed in an
aluminum pan and cycled three consecutive times from —50 to 100
°C at a heating and cooling rate of 10 °C/min with nitrogen purge
gas. A 3 min isothermal step was included at the minimum and
maximum temperatures of each cycle. Determined by the TRIOS
analysis software, melting points were reported as the melting onset
temperature, and glass-transition temperatures were reported as
midpoints of phase transitions. Enthalpy values for the phase
transitions were calculated using TRIOS software. All measurements
were carried out under a nitrogen atmosphere (S0 mL/min) and were
reproducible to +1 °C.

Variable-temperature viscosity and density data were acquired by
using an Anton Paar SVM 3001 kinematic viscometer. Measurements
were taken from 20 to 80 °C at increments of 5 °C.

2.1.3. Single-Crystal Diffraction. Single crystals for compounds 1
and 2 were coated in Cargille type A immersion oil and transferred to
the goniometer of a Rigaku XtaLAB Mini diffractometer with Mo Ko
wavelength (1 = 0.70926 A) and a CCD area detector. Examination
and data collection were performed at 170 K. Data was collected,
reflections were indexed and processed, and the files were scaled and
corrected for absorption using CrysAlis Pro.>*

Single crystals of compounds 3, 4-M, and 4-O were coated with
Parabar 10312 oil and transferred to the goniometer of a Bruker D8
QUEST ECO diffractometer with Mo Ka wavelength (41 = 0.71073
A) and a photon II area detector. Examination and data collection
were performed at temperatures as noted. Data was collected,
reflections were indexed and processed, and the files were scaled and
corrected for absorption using APEX3'® and SADABS."”

For all compounds, the space groups were assigned and the
structures were solved by direct methods using XPREP within the
SHELXTL suite of programs”>*' and refined by full-matrix least-
squares against F* with all reflections using Shelx12018>* using the
graphical interface Olex2.”> H atoms were positioned geometrically
and constrained to ride on their parent atoms. C—H bond distances
were constrained to 0.95 A for aromatic and alkene C—H moieties
and to 0.99 and 098 A for aliphatic CH, and CH,; moieties,
respectively. Methyl H atoms were allowed to rotate, but not to tip, to
best fit the experimental electron density. U;,,(H) values were set to a
multiple of Ueq(C) with 1.5 for CH; and 1.2 for C—H and CH, units,
respectively.

Complete crystallographic data, in CIF format, have been deposited
with the Cambridge Crystallographic Data Centre. CCDC 2313816—
2313820 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Hirshfeld surfaces, images, fingerprint plots, and frameworks were
calculated and produced using CrystalExplorer21."”> Imaging and
analysis of the structures were accomplished using Mercury™ and
Olex2.

VisualHabit** integrated within the Mercury suite of software™ was
used to calculate the attachment energy (AE) morphology of the
compounds following established protocols.*® Lattice energy calcu-
lations were accomplished with the Dreiding 11>’ force field. The
interaction energies calculated by CrystalExplorer and Mercury differ
due to their method of calculation.” The relative magnitudes were
used for discussion. That is, the calculated energies of the most
stabilizing synthon in both methods were used to draw conclusions
and make the rankings (and so on) rather than their specific values.
The distances shown in the synthon images within the supplemental
information are between molecular centroids.

CrystalGrower™ in conjunction with ToposPro™® was used to
simulate the growth of 4-O and 4-M. The procedure we followed was
outlined within the relevant literature. The relevant settings are
provided in the Supporting Information, which details the input
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Table 1. Compiled Physicochemical Data for Compounds 1—4

molecular weight  crystalline void space, % of Hirshfeld surface volume T T.. T, lattice ener data collection
(g/mol) unit cell (Vu &%) o) O (ig mol™! temperature® (K)
1 195.17 354 A3 3.8% 226.6 40.92 =712 170
2 249.14 72.5 A%, 7.2% 248.2 46.65 —13.14 —98.7 170
3 298.50 44.8 A3, 7.8% 281.7 7431 891 —42.20 —110.2 109
4-M 431.86 364 A3 6.0% 291.7 83.83  33.07 —25.28 —118.1 100
4-0 431.86 74.6 A3, 6.1% 299.3 —119.0 150

“Temperature of data collection for the crystallographic data.

conditions for the simulation. A minimum omega value of 8 was used
for both 4-M and 4-O when calculating interactions for the
simulations.

In brief, the interactions for both polymorphs were identified and
tabulated, and the appropriate files were exported using ToposPro.
Then the interactions were visually classified (e.g, 7 stacking,
hydrogen bonding, etc.) in conjunction with VisualHabit within
Mercury and given scaled values within the CrystalGrower software.
These scaled values are, in part, determined by the interaction
energies calculated in Mercury and CrystalExplorer. For example, in
compound 4-O, interaction type A corresponds to a 7 stacking and
was assigned a final scaled value of S. The interaction scaling was
systematically varied until a result was achieved that closely resembled
the experimental morphology. Final scaling values are provided in the
Supporting Information.

The simulated temperature of crystal growth was 25 °C and
2,000,000 iterations were used. Supersaturation profile 3 was used for
all simulations, with a Ay, value of 100 kcal/mol.

OVITO™ was used to visualize the results of the simulation and
produce the final images and movies.

2.1.4. Computational Studies. All computations and resultant data
were obtained using the Spartan software suite (Spartan’20, Wave
function, Inc., Irvine, CA USA). The initial geometries from the
crystal structures of compounds 1 and 4-M were loaded into the
software and the geometry was optimized employing the M06-2X
functional®' with the 6-311++G(2d,2p) basis set. Hydrogen distances
were optimized, as well. A final single-point energy calculation was
completed on the optimized models with the same functional and
basis set. Vibrational frequencies were checked for imaginary values to
ensure that the resultant structures were at a minimum.

A summary of the relevant thermophysical properties utilized in the
analysis of the compounds is provided in Table 1.

3. EXPERIMENTAL SECTION

3.1. Synthesis. Synthesis of the compounds was accomplished
following modified procedures from previous reports.*>** In brief, 3-
nitrobenzoyl chloride (1 equiv), the appropriate alcohol (2 equiv),
and pyridine (2 equiv) were dissolved in dichloromethane. The
reaction flask was sealed, and the contents were magnetically stirred at
room temperature overnight. In some cases, a white crystalline solid
formed which was determined to be the hydrolyzed impurities.** The
solid was filtered off, and the organic layer was washed with 0.5 M
aqueous sodium bicarbonate solution (3 X 25 mL), followed by dilute
0.1 M hydrochloric acid washes (3 X 25 mL), and finally brine. The
solvent was removed under reduced pressure, and the resulting
compounds were purified by column chromatography (9:1 DCM/
MeOH mobile phase, silica gel stationary phase) yielding the desired
final products.

3.1.1. Ethyl m-Nitrobenzoate (1). Clear oil solidified upon cooling
to room temperature. Yield: 65%.

Single crystals suitable for diffraction formed upon cooling to room
temperature.

'H NMR (400 MHz; CDCL): 5 8.84 (t, ] = 1.8 Hz, 1H), 8.41—
8.35 (m, 2H), 7.64 (t, ] = 8.0 Hz, 1H), 443 (q, ] = 7.1 Hz, 2H), 1.42
(t, J = 7.1 Hz, 3H).

BC NMR (75 MHz; CDCL,): § 164.62 (s, 1C), 148.44 (s, 1C),
148.42 (s, 1C), 135.41 (s, 1C), 132.39 (s, 1C), 129.71 (s, 1C), 127.43
(s, 1C), 124.70 (s, 1C), 62.09 (s, 1C), 14.42 (s, 1C).

3.1.2. 2,2,2-Trifluoroethyl m-Nitrobenzoate (2). Pale yellow oil,
which solidified upon cooling to room temperature. Yield: 72%.

Single crystals suitable for diffraction formed upon cooling to room
temperature.

'"H NMR (400 MHz; CDCL,): 5 8.89 (t, J = 1.9 Hz, 1H), 8.49—
8.39 (m, 2H), 7.72 (t, ] = 8.0 Hz, 1H), 477 (q, ] = 8.3 Hz, 2H).

BBC NMR (75 MHz; CDCL,): § 163.11 (s, 1C), 135.70 (s, 1C),
130.28 (s, 1C), 130.14 (s, 1C), 128.46 (s, 1C), 125.16 (s, 1C), 61.74
(s, 1C), 61.26 (s, 1C), 31.08 (s, 1C).

F NMR (376 MHz; CDCL): 6 —73.49 (t, ] = 7.7 Hz, 3F).

3.1.3. 2,2,2-Trichloroethyl m-Nitrobenzoate (3). White solid.
Yield: 72%.

Single crystals suitable for diffraction were grown from the slow
evaporation of dichloromethane.

'"H NMR (400 MHz; CDCl,): 6 8.93 (t, ] = 1.8 Hz, 1H), 8.49—
8.44 (m, 2H), 7.73 (t, ] = 8.0 Hz, 1H), 5.03 (s, 2H).

BC NMR (75 MHz; CDCL,): § 162.92 (s, 1C), 148.45 (s, 1C),
135.58 (s, 1C), 130.48 (s, 1C), 129.98 (s, 1C), 128.24 (s, 1C), 125.05
(s, 1C), 94.54 (s, 1C), 74.80 (s, 1C).

3.1.4. 2,2,2-Tribromoethyl m-Nitrobenzoate (4). White solid.
Yield: 78%.

Single crystals of the monoclinic polymorph were taken from a
batch of crystals grown from the slow evaporation of acetone. Crystals
of the orthorhombic polymorph were found in a batch of crystals
grown from the slow evaporation of dichloromethane.

'"H NMR (400 MHz; CDCL,;): 6 8.98 (t, J = 1.9 Hz, 1H), 8.50—
8.48 (m, 2H), 7.73 (t, ] = 8.0 Hz, 1H), 5.21 (s, 2H).

BC NMR (75 MHz; CDCL,): § 162.86 (s, 1C), 148.62 (s, 1C),
135.75 (s, 1C), 130.80 (s, 1C), 130.14 (s, 1C), 128.35 (s, 1C), 125.24
(s, 1C), 77.74 (s, 1C), 34.92 (s, 1C).

3.1.5. Isopropyl m-Nitrobenzoate (5). Clear liquid. Yield: 64%.

'"H NMR (400 MHz; CDCL,): 6 8.74 (t, J = 1.9 Hz, 1H), 8.33—
8.28 (m, 2H), 7.60 (d, ] = 16.0 Hz, 1H), 5.23 (7, ] = 6.3 Hz, 1H),
1.34 (d, ] = 6.4 Hz, 6H).

3C NMR (75 MHz; CDCL,): § 164.11 (s, 1C), 135.42 (s, 1C),
132.80 (s, 1C), 129.65 (s, 1C), 127.34 (s, 1C), 124.65 (s, 1C), 69.87
(s, 1C), 31.08 (s, 1C), 22.04 (s, 1C).

3.1.6. tert-Butyl m-Nitrobenzoate (6). Pale yellow liquid. Yield:
46%.

'"H NMR (400 MHz; CDCl,): § 8.70 (t, ] = 1.9 Hz, 1H), 8.31
(ddd, J = 8.2,2.3, 1.1 Hz, 1H), 8.25 (dt, ] = 7.8, 1.2 Hz, 1H), 7.58 (t, ]
= 8.0 Hz, 1H), 1.56 (s, 9H).

3C NMR (101 MHz; CDCL): 6 163.47 (s, 1C), 148.14 (s, 1C),
135.18 (s, 1C), 133.70 (s, 1C), 129.45 (s, 1C), 126.91 (s, 1C), 124.35
(s, 1C), 82.56 (s, 1C), 28.07 (s, 3C).

3.1.7. 2,2,2-Trifluoro-1-(trifluoromethyl)ethyl m-Nitrobenzoate
(7). Pale yellow liquid. Yield: 60%.

'"H NMR (400 MHz; CDCL,): 6 8.89 (t, J = 2.0 Hz, 1H), 8.54—
8.43 (m, 2H), 7.78 (t, ] = 8.0 Hz, 1H), 6.09—6.00 (m, 1H).

BC NMR (75 MHz; CDCL,): § 161.65 (s, 1C), 148.67 (s, 1C),
136.00 (s, 1C), 130.47 (s, 1C), 129.28 (s, 1C), 128.72 (s, 1C), 125.57
(s, 1C), 67.43 (dq, ] = 69.3, 34.2 Hz, 1C), 31.07 (s, 1C).

F NMR (376 MHz; CDCl,): § —73.32 (d, J = 5.8 Hz, 6F).

4. RESULTS AND DISCUSSION

4.1. Molecular Structure Analysis. Compounds 1—4
were crystallized and their structures were examined via single-
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Figure 2. Asymmetric units of compounds 1—4 are shown with S0% probability ellipsoids. The orientation of the carbonyl oxygen (O1) with
respect to the rest of the molecule is an important distinction in the conformational polymorphs. Gray = carbon; blue = nitrogen; red = oxygen;

yellow = fluorine; green = chlorine; tan = bromine.

crystal X-ray diffraction. Compound 4 crystallizes in two
unique conformational polymorphs®® which will be referred to
as 4-M and 4-O for the monoclinic and orthorhombic forms in
which they crystallize. Structures 1, 2, and 3 also crystallize in
the monoclinic crystal system. 1 crystallizes in the P2,/c space
group, 2 in P2,/n, both 3 and 4-M in P2, and 4-O in P2,2,2,.
All five of the structures have only one molecule in the
asymmetric unit with no observed disorder (Figure 2).

Two key points of distinction should be addressed, with
respect to the overall geometries of the molecular structures.
First is the overall orientation of the carbonyl group. Structures
1, 2, and 4-O have similar molecular geometries, wherein the
orientation of the carbonyl oxygen of the ester aligns with the
C3—H moiety on the aromatic ring. Compounds 3 and 4-M,
however, have a different orientation with the carbonyl oxygen
being oriented at 120° from that seen in 1 and 2. Figure 3
provides clarity with respect to the orientation of the carbonyl
groups.

Second is the torsion angle in the alkyl chains. In 1 and 2,
the ester alkyl chain carbon atoms are nearly coplanar with the
carbonyl moiety, having a C1-02—C8—C9 torsion angle of
approximately 175°. This same angle for 3 and 4-M and 4-O is
approximately 150°. The inclusion of the sterically demanding
trichloromethyl and tribromomethyl groups appears to

CH;3;

O;N A~

H; Hs

Figure 3. Depictions of the two orientations of the carbonyl groups
observed in the compounds. Aromatic hydrogens H3 and HS are
shown for the sake of clarity.

influence the torsion angle of the ethyl chain on the ester
moiety, showing a preference for the 150° orientation. Thus,
the combination of the carbonyl orientation along with the
torsion angles on the alkyl group effectively makes for two
distinct sets of conformations with respect to the overall
molecular structure.

4.2, Surface Analysis and Interactions. To evaluate the
structural impacts brought about by the varying compositions
and molecular geometries, Hirshfeld surface analysis was
performed on all five structures and their fingerprints were
analyzed for prominent structural features.*® Hirshfeld surface
analysis allows for quantifications of the interactions from
individual atom contacts, the values of which are provided in
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Figure 4. Complete interaction fingerprints for compounds 1—4-O. Important interactions, such as hydrogen interactions (spikes) and halogen

contacts (red regions), are observed within the compounds.

the Supporting Information. The complete fingerprints for the
structures are listed in Figure 4.

As expected, given the general similarity of the structures,
the fingerprints for the five compounds share common
features. First, all compounds display characteristic spikes
arising from hydrogen interactions. Specifically, these spikes
arise from reciprocal H---OlO---H interactions originating from
nitro and carbonyl oxygen moieties. Second, a distinct red
region is noted for compounds 3, 4-M, and 4-O. This feature is
a consequence of halogen---halogen interactions. While F---F
interactions are present in 2, these do not manifest in a similar
way on the fingerprints. Finally, each fingerprint displays a

region of dispersed interactions at the higher d;/d, ranges.
These are attributed to inefficient packing within the crystal
(see Supporting Information—Discussion).””

Compounds 4-M and 4-O are polymorphs, allowing for
direct comparisons of the distinct conformations of the ester
group and how the different orientations can change
interactions. Examining the numerical percentage of the
interactions provided reveals some key observations (see
Supporting Information—Interactions and Synthons). First, in
both crystals, the highest percentage of interactions is of the
Br---Br contacts. The two structures have nearly identical
percentages of Br---Br contacts (20.8 vs 20.5%). Second, 4-M
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Figure S. Interaction fingerprints for the O--CIC---O and the O---NIN---O interactions in the five crystal structures. Unique interaction synthons are
observed upon comparison of the blue regions within compounds 1 to 2. Similarities in the interactions are observed in compounds 3, 4-M, and 4-

0.

has a slightly higher percentage of H---H interactions (12.4 vs
11.0%) while 4-O has a marginally higher percentage of H---O
interactions (11.5 vs 12.1%), though the numerical differences
are rather small in all cases.

Looking at these interactions reveals that, overall, the
differences in these Br and H interactions for the polymorphs
appear minor at best (see Supporting Information—Images
S1). For example, in both compounds, two of the bromine
atoms are predominantly involved in Br--Br interactions. The
geometric similarity of the interactions, with respect to both
distances and angles, is thus reflected by the comparable
numerical percentages calculated in the Hirshfeld analysis.
Therefore, we set about to complete a more rigorous
examination of the polymorphs to help deduce how specific
interactions influence the formation of the crystal structures.
To accomplish this, a systematic analysis of the interactions is
necessary.

4.2.1. Hydrogen Interactions. All of the compounds have a
comparable set of individual interaction percentages, with the
interactions involving hydrogen accounting for a large
percentage of the total interactions. This is most prevalent in
1, wherein over 50% of the intermolecular interactions involve
hydrogen. As the methyl hydrogen atoms in 1 are substituted
for halogens, the relative percentage of interactions involving
hydrogen decreases, as expected.

Contrasting the hydrogen interaction motifs in the five
crystals reveals several noteworthy structural principles. All five
of the compounds display H:Oyg, interactions with these

interactions typically being the shortest of the hydrogen
interactions. For example, 1 has the shortest H---Oyq, distance
at 2.37 A {d[H5"--03, £ N1-03---H5' = 131.3(5)°, i = —«, 1/
2 +y, 1/2 — z]}. Within this set of compounds, the nitro
moiety displays four distinct hydrogen interaction motifs.
Specifically, 1, 2, and 4-O all display unique hydrogen
interaction synthons, while 3 and 4-M display virtually
identical synthons. The similarities, and differences, of these
interactions are readily observable when examining the H
interaction fingerprints derived from Hirshfeld surface analysis
(see Supporting Information—Images S2—S4).

As a consequence of the varied geometry of the H-
interactions, it can be concluded that while these H---Oyp,

are important to the overall formation of the crystals, these are
likely not the principal synthons leading the crystal formation
for these compounds.”® This observation helps, in part, to
rationalize the formation of polymorphs, given the varying
options in which these H interactions could form. That is, if
there are multiple H interaction synthons which are energeti-
cally accessible and are reasonably similar in stabilization
energy, then there are multiple ways in which the solid-state
structures may form.”’

4.2.2. Oxygen Interactions. Unique features in the
fingerprints point to distinctive sets of interactions in the
solid state arising from both the nitro and carbonyl oxygen
moieties. All five compounds exhibit a region of reciprocal O--
C/NIN/C---O interactions, wherein oxygen atoms from
carbonyl and/or nitro moieties interact with z bonds (Figure
5). These O--7 interactions appear at the green regions in the
fingerprints near the central portion of the shape. As discussed
for the H interactions, there are distinctive interaction motifs
arising from the oxygen atoms. For example, 3 and 4-M have
nearly identical shapes and percentages and therefore display
nearly identical C:--OlO--C interactions (see Supporting
Information—Discussion).

While 1 and 2 both display side-on stacking interactions
when examining the nitro and carbonyl oxygens, the
interactions are distinct. For 1, the arrangement is such that
one oxygen of the nitro group is interacting in a vertical
manner with the 7 hole of a symmetry adjacent nitro group,
thus accounting for both interactions (ie., C and N).
Compound 2, however, displays a vertical stacking interaction
arising from reciprocal O---C/NIC/N---O interactions involv-
ing both the nitro and carbonyl moieties. Thus, 1 and 2 show
two unique stacking interactions of the oxygen-containing
moieties in the molecule despite having comparable percen-
tages of O--C/NIC/N---O interactions.

Compound 3 and both polymorphs of 4 show nearly
identical arrangements, wherein both end-on and side-on
interactions of the nitro moieties are observed, forming the
third O--C/NIC/N---O motif. In all three of the compounds
(3, 4-M, and 4-0), both the Oy, and the Oco moieties are
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Figure 6. Interaction fingerprints of the halogen interactions for compounds 2—4-0. Compounds 3, 4-M, and 4-O display similar interactions and
percentages as shown by the similar shapes in the fingerprints.

Figure 7. Depiction of the halogen interactions in the compounds (X--H, C, and N). Maximum interactions were set to van der Waals radii of the
atoms +0.3 A.
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seen interacting with adjacent 7 bonds on the aromatic ring in
a side-on manner. Numerous interactions exist between the
nitro moiety and carbons on the aromatic ring (7 bonds) in
addition to interactions with the carbonyl carbon ranging in
distance from 3.12 to 3.48 A.

4.2.3. Halogen Interactions. Figures 6 and 7 show the
fingerprints and a depiction of the halogen interactions for 2—
4-M and 4-0. All four of the halogen-containing crystals show
domains wherein the arrangement of the molecule leads to the
formation of halogen---halogen contacts at similar distances
and angles as observed in previous reports.*’~** These regions
of halogen interactions typically manifest in the central portion
of the fingerprint plots and are most evident in 3, 4-O, and 4-
M with bright green and red “lines”.

Indeed, several of the halogen---halogen interactions in 3, 4-
M, and 4-O do fall on the shorter end of reported
distances.”*™*° For example, 3 exhibits a number of Cl---Cl
contacts, with the shortest being 3.4356(4) A (CI3--Cl3), j =
—x, 1/22 + y, 2 — z). For 4-M, Br3 displays interactions with
symmetry adjacent to Br2 and Br3 atoms. Specifically, Br3---
Br3* (k= —x, —1/2 + y, 2 — z) is at a distance of 3.5503(S) A
with 156.78(9) and 95.14(8)° angles (£C9—Br3*.--Br3, 2C9—
Br3--Br3¥). It should be noted that while compounds 3 and 4-
M and O do exhibit close halogen:--halogen interactions, the
angles and distances involved appear just outside the
established ranges indicative of type I or II halogen
bonds.”’~* However, these contacts are certainly significant
in the formation of the crystal morphology given the high
percentage of Cl---Cl and Br---Br interactions observed (see
Section 4.4).

Structures 3, 4-M, and 4-O show interactions wherein the
carbonyl oxygen (Ol) is interacting with a halogen on a
symmetry adjacent molecule, forming a o-hole interaction
(Figure 8).°>" Contrasting the polymorphs 4-M and 4-O, the
O1-+Brl distances of 3.132(3) and 3.147(2) A, respectively,
are less than the sum of van der Waals radii of the individual
atoms.”> The C1—Ol-Brl angles in 4-M and 4-O are
174.8(8) and 170.37(10)°. For 3, the related distance and
angle are 3.2283(11) A and 171.8(1)°. These halogen bonds
help to form the planar arrangement of the molecules. Of note
is that both orientations of the carbonyl group (see Figure 3)
maintain these O---X interactions. This lends evidence to the
noncircumstantial nature of these chalcogen bonds.>>*°

To summarize, several key details emerge when examining
the halogen interactions with the crystals. First, both o- and 7-
hole interactions are present. Specifically, we observe Ocg-
Cl/Br interactions in 3 and 4 while in 2, F---Oy, are seen (see

Supporting Information—Discussion). Second, halogen---hal-
ogen interactions comprise a significant portion of the total
interaction percentages for compounds 2—4. Finally, the
change in ester orientation does not appear to have any
notable impact on the interactions in 4-M vs 4-O. Both
orientations maintain the O¢g+-X chalcogen bonds.

4.3. Energy Frameworks and Interaction Synthons.
Energy frameworks offer insights into the packing and growth
of the crystalline state of the compounds. A representative
framework for compounds 1—4-O is shown in Figure 9. A
complete view of the frameworks is provided in the Supporting
Information along with tables listing the interaction energies.
The width of the colored columns in the images corresponds
to the relative magnitude of the interaction energy along that

(] @

Figure 8. Depiction of the carbonyl:---halogen o-hole interactions
forming the planar arrangement of compounds 3, 4-M, and 4-O. Red
dotted lines indicate the continuation of the interactions.

direction and the coloring corresponds to the dispersion
(green), Coulombic (red), and total energy (blue).””

Examining the calculated frameworks reveals key details
about the compounds. First, and most importantly, for all
compounds examined, the interactions with the highest
stabilization energy (most negative value) arise from stacking
interactions. This is made clear by the larger cylinders in the
frameworks connecting the distinct layers of the molecules. As
an example, in 1, the interactions with the highest stabilization
correspond to the purple and green molecules. These are both
stacking interactions, wherein the interactions arise between
the aromatic 7 system and adjacent ketones and nitro moieties.
It should be noted that these stacking interactions are more
complex than just simple aromatic 7—7 stacking. For example,
in 3, in addition to the 7—7 interactions, the stacking synthons
also involve CI---Cl and H---Cl contacts. Thus, these stacking
synthons themselves represent a complex set of interactions to
interpret beyond simply discussing atom—atom contacts.

As follows from the previous discussions, compounds 3 and
4-M show strong similarities with regard to frameworks. The
Coulombic frameworks for 3 and 4-M are nearly identical in
magnitude and directionality, though some notable trends are
observed. The strongest interactions in 3 arise from two
stacking interactions as described above (green, E,, = —26.7 kJ
mol™'; yellow, E, = —24.6 kJ] mol™"). Surprisingly, the
observed o-hole interactions are not as stabilizing as these &
interactions, though they are significant (E, = —18.1 kJ
mol™"). Finally, the two sets of Cl--Cl interactions are only
weakly stabilizing at best with E,,, = —2.8 k] mol™! and E,,, =
—4.6 k] mol™". These trends follow closely with what is
observed in 4-M. Of note, the energy of the Oco-Br
interaction in 4-M (E,,, = —21.2 k] mol™") is lower than that
of the Oco+Cl (Ey = —18.1 kJ] mol™!) interaction in 3
following the trends for o-hole interactions.
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[1]

Figure 9. Total energy frameworks of compounds 1—4-0. Coloring of molecules shown for clarity. 1 and 2 are viewed down the crystallographic B

axis. 3, 4-M, and 4-O are viewed down the crystallographic A axis.
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Figure 10. Predicted morphology of the crystals of 4M (top) and 40 (bottom). The surfaces with the highest and lowest AEs are shown.

The polymorphs (4-M and 4-O) offer a chance to examine
some of the rationale behind the formation of the two
crystalline solids. Both frameworks for the structures are overall
very similar, following with the discussion of the interactions. A
point of distinction is the O¢y:-Br interaction wherein 4-M
has modestly stronger interactions than 4-O at —21.2 vs —19.7
k] mol™!, respectively. The Ocq+-Br distances of the two
interactions are comparable at 3.146(2) A for 4-M and
3.132(3) A for 4-O d(O--Br). The distinction thus seems to
be with the angle of the interactions wherein 4-M is more
linear at 165.7(2)° vs 4-O at 161.1(3)° («£C1-0O1-Brl).
However, it should be noted that this difference in energy is
rather small when considering the interactions present
throughout the entire crystal. Thus, it would be incorrect to
assume that this specific difference is a driving force for
polymorph formation, particularly when the influence of
solvents and ambient thermal energy is considered.

In summary, a number of notable observations from the
energy frameworks lead to a more complete understanding of
the crystal structures and interactions present in these
molecules. First, for all the samples examined, stacking
interactions with the aromatic system (e.g, 7—m, NO,-7,

etc.) display the highest stabilization to the crystals. While the

exact nature and geometry of these interactions are different
for each structure, the calculated synthons show similarities.
Second, the face-on halogen:--halogen interactions are only
moderately stabilizing, in the range of —6 k] mol™". Thus, these
interactions seem to be a consequence of packing favoring
other, more stabilizing interactions. Finally, the O¢q--Br/Cl
interactions follow the expected trends for o-hole interactions,
with interactions with bromine being of lower energy than the
chlorine interactions.

4.4, Simulated Crystal Growth of 4-M and 4-O. Even
within the relatively simple structures presented herein, a
complex set of interaction synthons is responsible for the
formation and subsequent growth of the crystals. Several
methods exist to predict the morphology and growth of
crystals that involve the use of the interactions derived from
the molecular structure.”® The sequential changes from CHj, to
CBr;, and in particular the polymorphs of 4, present an
excellent opportunity to study the theoretical impacts of how
the differing geometry and composition impact the morphol-
ogy of the crystals.

The calculated AE model morphologies of 4-M and 4-O are
shown in Figure 10. Comparing the calculated morphologies of
the crystals reveals similarities between the two compounds.
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E

Figure 11. Simulated crystals of 4-M (top) and 4-O (bottom). Different angles are shown to provide a better view of the morphology. Images of
the actual crystals are provided for comparison from different angles. Yellow outlines are shown to help clarify the morphology of the actual crystals.

Specifically, the calculated shapes of both appear as flat, plate-
like crystals. Furthermore, the dominant faces in both cases are
related, with the (001) face being dominant in 4-M and the
(002) face being dominant in 4-O. Additionally, both
morphologies share a similar overall shape with tapered
edges composed of, predominantly, the (011), (011), (011),
and (0T T) faces.

Examining the surfaces and AEs*” of 4-M and 4-O helps to
verify the assessments made with respect to the interactions
and frameworks’ discussions (Section 4.3). A complete listing
of the calculated surfaces and their respective energies for both
polymorphs is provided in the Supporting Information. As has
been established, the surfaces with the smallest AEs, —16.3 kJ
mol ™" for 4-M and —18.2 kJ mol™" for 4-O, correspond to the
largest faces of the crystals (by area). Figure 10 visualizes the
surfaces of 4-M and 4-O. In both cases, these faces grow due to
“face-on” Br---Br interactions. The small AE reinforces our
previous assertion that these Br--Br interactions are not
strongly stabilizing and, thus, likely are not classical halogen
bonds. The surfaces with the largest AE for both crystals arise,
in part, from the aforementioned stacking motifs. Thus, for the
conformers, it is predicted that these stacking interactions are
important to the growth of the crystal.

With our combined understanding of the interactions,
synthons, and AEs of these compounds, we set about to
experimentally validate the importance of specific interactions
for the growth of these crystals. The CrystalGrower software
allows for facile visualization of the growth of a crystal when
providing information about interactions within the unit cell.
For the immediate purposes of this paper, the software
provides a way to close the loop, as it were, with respect to
evaluating the importance of the interactions discussed. In
brief, the process of setting up the simulation involves ascribing

scaled energies to different synthons within the unit cell
leading to the growth of the extended structure.”® Thus, several
calculations were run in which the relative energies of the
interactions were tuned until the simulated crystal shape
matched the actual crystals as closely as possible.

The results from simulated crystal growth are shown in
Figure 11. For both 4-M and 4-O, the simulated Crystal-
Grower models (CG models) bear a strong resemblance to the
AE models. For example, both models show the formation of
plate-like crystals with a slow-growing (007) face. Furthermore,
the sides of the CG models show the formation of the angled
faces observed in both of the AE models discussed. However,
we do see a key difference when contrasting the CG model for
4-M vs 4-0. Specifically, a more pronounced parallelogram-like
morphology is observed for 4-M. 4-O, however, appears to
form a morphology with rounded edges. Encouragingly, the
actual crystals closely match these simulations, with the 4-M
sample shown in Figure 11 having a slanted face. For 4-O,
however, the crystal edges appear flat, with no readily
observable rounded faces. However, the overall predicted
morphology of flat, plate-like crystals matched well with the
experimental samples.

For both of the CG models, the stacking interactions were
key in the formation of the simulated crystals matching the
experimental morphologies. Lowering the scaling for these
interactions leads to the growth of crystals that neither match
the actual morphologies nor the AE models, forming different
morphologies not observed in the experimental crystals. Thus,
the 7 interactions appear to be the controlling factor in the
growth of the crystals, while the halogen interactions are less
defining, relatively speaking, indicative of their secondary
factor in the formation of the long-range order for the
compounds.
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Both the o-hole and interactions involving the nitro group
appear to play equally important roles with respect to the
simulations. In both cases, equal scaling was given to these
interactions, thus leading to the final morphologies presented.
With respect to the o-hole interactions, the directional nature
of these interactions helps to form layers, which are also
characterized by the presence of the Oy +-H interactions. The

lowest scaling was given to the interhalogen interactions,
visualized as the faces with the lowest AEs for both compounds
(Figure 10).

The additional conclusion is that a complex set of
interactions is responsible for the formation of the solid state
for these sets of compounds. Completely removing or
significantly lowering scaling of the halogen-based interactions
or the hydrogen interactions did not yield reasonable results.
Thus, a balance of all of the interactions discussed herein leads
to the observed crystal formation. However, with the simulated
data, we were able to reasonably conclude that the =
interactions appear more strongly stabilizing than the other
interactions.

5. CONCLUSIONS

The formation of the crystalline solid state is complex. NCIs
are the key components which hold molecular crystals
together, forming the extended structures. Often, however,
human “bias” can play a role in the interpretation of crystalline
solids wherein statements are made about the importance of a
singular interaction with respect to its role in stabilizing the
crystal lattice. Herein our goal is to develop a workflow for
understanding the physicochemical properties of a series of
nitrated aromatic compounds. Our methodology is aided using
modern crystallographic software which facilitates the under-
standing of the crystal structure of organic compounds, helping
to assess the relative importance of specific interaction
synthons (i.e., NCIs) within these systems.

In this work, we have been able to determine several key
ideas and theories by studying this series of compounds:

i. Simulated growth of crystals helps to reveal the relative
importance of the s-stacking interactions in the
formation of the crystals for these compounds.
Similarities in the theoretical morphologies and the
actual morphologies are noted for both 4-M and 4-O,
such as the formation of thin plates with tapered edges.
It should be stated, however, that the effect of solvent on
the formation of the crystals is an area which would need
to be investigated.

ii. o-hole interactions play a key role in the directional
packing of the crystal. Specifically, carbonyl oxygen:--
halogen interactions help form the planar arrangement
of the molecules in either conformation observed with
the ester. These o-hole interactions are not observed
with the fluorine-containing derivative, however.

iii. The nitro moiety displays numerous distinct interactions
involving the carbonyl and aromatic 7 moieties. Cursory
examination of interactions may lead to the conclusion
that O--O interactions arising from these functional
groups are destabilizing. However, careful attention
should be paid to the exact geometry of these
interactions. For example, in compounds 3, 4-M, and
4-0, these Oy, interactions are a consequence of the

oxygen atoms interacting with the 7z hole of the nitro
moiety and are thus a stabilizing interaction. In 1,

however, the Oy, atoms are directly interacting with
the Oy, atoms of symmetry adjacent molecules, likely a

consequence of the careful balancing act a molecule
must allow for more favorable interactions to be
optimized.

iv. F--F interactions appear to be disfavored over more
stabilizing hydrogen-based interactions. This is observed
in the decrease in packing efficiency of 2 vs 1. For this
series of compounds, interactions are tailored, in part, by
the orientation of the ester and alkyl moiety.

v. Increasing the steric bulk of the compound via
modification of the ester moiety leads to the formation
of room-temperature liquids (i.e., compounds $5—7)
speculatively by preventing the optimal long-range
formation of the aforementioned stacking interactions
(see Supporting Information—Discussion). Preliminary
thermal analysis helps point to this conclusion by
showing the expected increases in activation energy with
increasing molecular weight. Further analysis of this
theory, however, is warranted to draw definitive
conclusions about the relationship between steric bulk
and the formation of the liquids.

vi. One point which certainly bears further scrutiny is the
role of solvents in the formation of the polymorphs and
the overall morphology of the crystals. Multiple crystal
samples grown from different solvents were screened for
compound 4. Most of those samples showed the
monoclinic unit cell (i.e., 4-M), and data collection did
not progress past a routine screening. The results of the
simulation point toward the impact of solvents. For
example, carbonyl-containing solvents (e.g., acetone)
could compete with the formation of the o-hole
interactions between molecules, slowing down crystal-
lization. Solvents such as toluene could also influence
the formation of crystals through the formation of 7—x
interactions. These thoughts, however, remain spec-
ulative though intriguing to pursue further.

vii. While we do observe the polymorphs for 4, additional
studies would help clarify lingering questions such as the
abundance or if additional polymorphs may be present.
Furthermore, the impact of solvents on the formation of
the polymorphs would be useful to study. Screening of
samples with powder X-ray diffraction would certainly
help shed light on this matter.
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