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ABSTRACT 4,4’-diazopiridine (AP) is largely known for its photophysical properties and it is
extensively studied in solution as molecular switch. By contrast, AP is not similarly explored in
the solid state. We here discuss the fine crystallographic interpretation of the electron density
maps combined with occupancy refinement of solid solutions, cocrystals and solid solution of
cocrystals of AP and some halogenated derivatives, obtained as a result of recrystallization
experiments. AP halogenated derivatives are contained as impurities in the purchased starting

material, and present a remarkable propensity to give cocrystals or solid solutions along with AP.



A new AP polymorph (AP2) has also been identified and phase evolution as function of

temperature investigated by DSC and VT-XRPD.

Introduction

“You can see a lot just by observing” ! — Joel Bernstein (1941-2019) loved to cite this famous
quote by the baseball Hall-of-Famer Yogi Berra to remind researchers that visual observation of
facts is the primary tool for scientific discovery. This paper reports how we discovered a whole
crystallographic cave of wonders by careful visual inspection and wise crystallographic sense.
We here describe an amazing family of conformational and packing behaviours displayed by

4,4'-diazopyridine (hereinafter referred as azopyridine, AP) and some halogenated derivatives

(Scheme 1).
N
a / / c =
X A N
c
N7 N

)

|
F
/ _Z
N
/ | e / f
N
cl cCl
NP
Cl

(3(%"

Scheme 1. Chemical sketches of the 4-4’diazopyridine (AP) (a) and its meta-substituted
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halogenated derivatives. (b) 3,3’-difluoro-4,4’diazopyridine  (F2AP), (c) 3-chloro-



4,4’diazopyridine (CIAP), (d) 3,3’-dichloro-4,4’diazopyridine (CLAP), (e) 3,5,3’-trichloro-

4,4’ diazopyridine (C3AP), (f) 3,5,3’,5 -tetrachloro-4,4’diazopyridine (Cl4AP)

In the course of cocrystallization experiments of AP with natural products, which are reported
elsewhere, we isolated a variety of crystals deriving, as we later realized, from the interactions of
AP with some of its halogenated derivatives contained as impurities in the purchased starting
material. Crystallization is conventionally regarded as the method of choice to purify a
compound, as crystal nucleation and growth are extremely precise processes of supramolecular
recognition. > However, crystallization from a mixture can equally well produce multicomponent
crystals, such as solvates 3, cocrystals !4, or solid solutions '3-'7, depending on the competition
between homo-molecular and hetero-molecular interactions. Solvates and co-crystals are
stoichiometric assemblies of two or more molecular components (at least one of which classified
as a solvent in the case of solvates), where each component has a specific role in the crystal
packing. By contrast, the stoichiometry of solid solutions is not limited to a single integer value
but can be varied in continuum, and molecular components can substitute each other in the
crystal packing.

In this work we describe solid solutions, cocrystals, and solid solution of cocrystals of AP with

its halogenated derivatives F2AP, C1,AP and CI4AP (Scheme 1).

Experimental

The crystal forms described in this paper were obtained during experiments aimed to co-
crystallize AP with eugenol, a liquid natural oil with interesting antibacterial properties. '8

Materials: 4,4’-diazopyridine was purchased from SigmaAldrich (88% purity) and used

without further purification. Solvents used for crystallizations were used as purchased.



Synthetic procedures: a new polymorph of AP, AP2, was obtained by re-crystallization of the
starting material by slow evaporation of MeOH in the presence of eugenol. After a few days, tiny
needle-like orange crystals of the titled compound appeared. From the same crystallization batch,
small plate-like crystals of 1 were concomitantly observed. 2 and 3 were concomitantly obtained
by re-crystallization of the starting material by slow evaporation of DMSO in the presence of
eugenol. Unexpectedly 1, 2 and 3 resulted to be solid forms containing AP and its chlorinated
derivatives present as impurities in the starting materials. AP2 was also obtained as larger
needle-like crystals from the melt: during the VT-XRPD analysis, larger crystals of both AP1
and AP2 polymorphs were concomitantly obtained once the sample was gradually cooled at
10°C/min from the melting to the ambient temperature.

Single Crystal Structure Determination: SC-XRD analyses were performed on single crystal
samples by mean of a Bruker D8 Venture diffractometer equipped with a kappa goniometer.
Low temperature data collections were performed under nitrogen flux by mean of an Oxford
cryo-stream. Microfocused MoKa radiation (A = 0.71073 A) was used for all data collections;
Lorentz polarization and absorption correction were applied. Data were reprocessed using Bruker
APEX v3 software. Structures were solved by direct methods using SHELXT !° and refined by
full-matrix least-squares on all F?> using SHELXL 2° implemented in Olex2-1.2. 2! For all
structures anisotropic displacement parameters were refined except for hydrogen atoms. Crystal
data for the compounds isolated in this work are reported in Table 1; details of the structural
redetermination of AP2 at RT and at 150 K are reported in the Supporting Information. ORTEP
diagrams of all the compounds here characterized are reported in the Supporting Information.
Crystallographic data for structures AP2 (150K, 190K and 273K), 2-4 have been deposited with

the CCDC 1938404-1938409 refcodes.



Energy calculations: intermolecular interactions were calculated by using the CE- B3LYP
method 2? provided with CrystalExplorer 23; energy frameworks were built with CrystalExplorer
at the B3BLYP/6-31G(d,p) level of theory 24; lattice energies were calculated with the CE-B3LYP
procedure in Crystal Explorer. 2°

Conformational Energy calculation: Conformational energy for CI4AP was calculated by
using the Gaussian16 package 2¢ with the B3LYP 2* functional level in combination with the 6-
311++g(d,p) basis set using Grimme’s D3 27 correction scheme for dispersion. The relaxed scan
ranged from 0 to 180° by 5° intervals. 272

Thermal analyses: Differential scanning calorimetry analysis of commercial AP were
performed with a PerkinElmer Diamond equipped with a model ULSP 90 ultracooler. Heating
was carried out in closed 10ul Al-pans at 5 °C/min in the temperature range —60 to 100 °C. The
measurement was performed at atmospheric pressure under a constant flow of nitrogen (20 pl
min~!). The enthalpy of the endothermic or exothermic events was determined by the integration
of the area under the differential scanning calorimetry (DSC) peak, which is reported in J/g (see
Supporting Information).

Powder diffraction: X-ray Powder Diffraction (XRPD) data of commercial AP were collected
in Bragg-Brentano geometry with CuKa radiation on a Rigaku Smartlab XE diffractometer
equipped with a solid-state Hypix3000 2D detector. In order to increase the LoD of any
crystalline impurity, data were collected with 5° soller slits and variable vertical slits which
guarantees the same volume of sample under the beam along the measurement. Data were
normalized to the counting time. The X-ray powder pattern collected at ambient conditions on
commercial AP showed that AP1 is the main crystalline phase, contaminated by the chlorine

containing phase 1. Additional extra peaks related to phase 2 (minority phase) were also



observed. No Bragg peaks related to CI3AP or CI4AP were observed due to their low
concentration in the raw material (see Supporting Information). In-situ non-ambient temperature
XRPD data were collected on the same instrument equipped with an Anton-Paar TTK600 non-
ambient chamber with flat sample holder suitable for BB geometry. A comparable thermal
profile as used for DSC analysis was applied: temperature was increased in step from 25°C to
110 °C at 5°C min”', data collections were performed while holding the sample at a given
temperature. Thermal scheme as well as fine phase evolution interpretation are reported in the
Supporting Information.

Spectrometric detection of halogenated side products: DIP-MS-EI(-) analysis was
conducted by means of a Thermo Fisher DSQII single quadrupole spectrometer, equipped with a
DIP (Direct Insertion Probe) for the direct analysis of solid samples. The EI spectra were
acquired at 70eV in negative mode. The source temperature was 200 °C while the probe
temperature was 70°C. The following m/z signals were observed: m/z = 184 [CioHsN4],, m/z =
218 [C1oH7CIN4], m/z = 252 [C10He¢Cl2N4]", m/z = 286 [C10H5Cl3N4]", m/z = 322 [C10H4ClaN4]~.
All the signals were in agreement with the expected isotopic patterns (see Supporting
Information). No signal of the fluorinated derivative was observed, likely due to its extremely

low concentration.

Results and discussion

The crystal structure of AP is already reported in the literature as a P-/ triclinic form, AP1,
with data experimentally determined at RT and at 190 K, respectively. 3 The form AP1 had been
crystallized from a saturated solution of 5: 1: 1 hexane: EtOH: toluene (v/v/v), whilst our new

form AP2 was crystallized from MeOH in the presence of eugenol. The crystal structure was



determined at RT even though crystals of the same phase were also obtained by cooling from the

melt and the same structure was then redetermined at 150 K and 190 K.

Table 1 Crystal data and structure refinement for AP2@190K, 1, 2 and 3

Compound Name
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/O

pre

/e

Volume/A®

z

Pealcg/cm®

wmm!

F(000)

Crystal size/mm®

Radiation/A
20 range for data collection/®
Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes

[>=2c (D]

Final R indexes [all data]

Largest AF
max/min / e A3

AP2
C]0H7,89F0.l IN4
186.09

190
monoclinic
P2|/1’l
4.7801(5)
6.2275(6)
15.4171(16)
90

96.133(3)

90

456.31(8)

2

1.354

0.089

194.0

0.08 x 0.05 x 0.04
MoKa
(A=0.71073)
7.062 to 51.486
10136

874
Rine=0.0233
Rgigma = 0.0102
874/0/74

1.085

R; =0.0366
wR; =0.0944

R; =0.0389
wR, =0.0961

0.14/-0.18

1
C]0H7.]4C10,85N4
213.47

190
monoclinic
P21/n

21.33(4)
6.10(1)
3.826(7)

90

96.72(4)

90

494.4(16)

2

1.434

0.313

219.0

0.07 x 0.04 x 0.04
MoKa
(A=0.71073)
6.952 t0 39.508
4732

440
Rin=0.1155,
Reigma = 0.0581
440/457/124
1.214
R;=0.1218
wR, =0.2734
R, =0.1373
wR, =0.2836

0.41/-0.31

2

C20H12C14N8
506.18

200
monoclinic
P2|/1’l
11.869(3)
5.3884(8)
16.7621(19)
90

97.234(4)

90

1063.5(3)

2

1.581

0.584

512.0

0.04 x 0.03 x 0.02
MoKa
(A=0.71073)
4.484 t0 54.198
9618

2343
Rine=0.1298
Rgigma = 0.1400
2343/3/163
0.961

R;=0.0619
wR; =10.1330

R; =0.2090
wR, =0.1974

0.34/-0.33

3
CZOHlZéJCl},SlNS
489.43

150
monoclinic
P2|/1’l
13.796(5)
3.9715(7)
19.328(3)

90

103.082(5)

90

1031.6(5)

2

1.576

0.538

497.0

0.05 x 0.04 x 0.04
MoKa
(A=0.71073)
6.064 to 41.716
3857

1042

Rine = 0.0409
Riigma = 0.0442
1042/18/155
1.185

R, =0.0779
wR;, =0.1660
R, =0.0906
wR, =0.1722

0.51/-0.52

Compound AP2 crystallizes in the monoclinic P2,;/n space group, and the molecules are planar

and sit on inversion centers located in the middle of the N=N bond. Energy frameworks

calculated by CrystalExplorer”® at the B3LYP/6-31G(d,p) theory level for the structure

determined at 190K were used to analyze the packing stabilization compared to the already



known polymorph AP1 determined at 190K [CSD refcode: EVESIJ04 3°]. Contrarily to what one
would expect by simple analysis of intermolecular distances, which evidences short C-H...N
contacts, the main contribution to the packing energy refers to dispersion terms. In AP2@190K
molecules are arranged in stacked pillars (interplanar distance = 3.413 A, offset= 3.39 A), where
the intermolecular stabilization (A...B, E=-27.3 kJ/mol) has mainly dispersive nature (Figure 1 —
for the energy decomposition see Supplementary Information); AP1@190K has a slightly larger
but less offset stacking arrangement (interplanar distance 3.541 A, offset 1.48 A) and similar
intermolecular A...B stabilization (E=-30.2 kJ/mol). The second most important contribution to
the packing refers to hydrogen bonds: in AP2@190K the pillars are arranged in a 2D grid based
on C-H..N contacts (A...C/E, E=-13.0 kJ/mol) with a strong coulombic stabilization between
pyridinic nitrogen and CH of two adjacent molecules C and E (C-H...N(i) 3.420(1) A, 149(2)°,
1= 1/ 2~ X, 1/ 2=, 3/ 2~ Z) and a substantially dispersive interaction (E=-11.7 kJ/mol)
between coplanar parallel molecules (A...D)/(C...E). Similar interactions are observed in the
polymorph AP1@190K, (E(A...C)=-15.5 kJ/mol, E(A...E)= -15.3 kJ/mol), with a weaker A...D
contribution E(A...D)=-6.1kJ/mol), compensated by a significant dispersive B...D interaction (-
18.4 kJ/mol). In AP2 consecutive molecules A, C alternate the orientation of the N=N bond by
means of a screw axis within the 2D layer, while in AP1 they are all parallel and related by
simple translation. Interestingly, this layered arrangement causes a loose packing between
molecules in the layers (Figure 1) reflected in the lower stabilization of the molecular pair A...D
than A...C within the 2D grid evidenced by the energy frameworks calculations. By carefully
analyzing the final electron density map of AP2@190K (Figure 2), we detected the possibility
that this feature of the crystal packing induces the formation of a solid solution of AP with an

impurity present in the commercial product. In fact, the final electron density difference map for



compound AP2@190K showed a clear residual electron density at a distance of 1.38 A to one of
the carbon atoms in meta position (Figure 2), with a maximum residual density of about 0.7 /A3,
The distance suggested the possible partial presence of a mono meta-fluorinated species. After
modeling the residual peak as a fluorine atom with 5% occupancy, the final map was featureless
(min: -0.2 max: 0.2 e/A%) and the R; factor dropped from 5.05 to 3.66%. Redetermination of the
crystal structure at 150 K gave identical results for AP2@]150K, while redetermination at RT on
a different crystal gave a slightly higher occupancy for the fluorinated specie in AP2@RT (see

Supplementary Information).

Figure 1. Top: Main interactions between molecular pairs in AP2@ 190K (left) and AP1@ 190K

(right). Middle: Comparison of the layer arrangement of AP2 (left) and AP1 (right). Bottom:



energy frameworks for AP2 (left) and AP1 (right) (kJ/mol). A...B = stacking interactions,

A...C/A...E/D...E = CH...N hydrogen bonds (dotted), A...D/C...E = dispersive interactions.

Figure 2. Top: Residual electron density for AP2@190K when modelled without fluorine
impurities, min: -0.20 max: 0.7 e/A3. Bottom: crystal packing of AP2 evidencing the position of

the 5% occupied fluorine atoms.

To verify if the same phenomenon was present also in AP1, we repeated the refinement of
AP1 with the original literature data by taking advantage of the deposited structure factors in the
CSD 3%, and found a flat map. Therefore, it is not the contamination of a small percentage of the
meta-fluorinated species which induces the apparent loose packing, but conversely it is the loose

packing which allows the incorporation of a suitable impurity in the crystal of AP2. AP2 may be

10



considered a solid solution between the AP2 polymorph of azopyridine, and the F2AP derivative.
Full energy frameworks for the two forms AP1@190K and AP2@190K are compared in the
Supporting Information, showing a remarkable similarity.

Although at present we cannot explain the presence of fluorinated impurity, this seems to have
a stabilizing effect on the stacking dispersive interactions, which increase significantly to E =
-34.3 kJ/mol (in the limiting hypothesis of a contact between two fluorinated molecules), while
the other two main stabilizing factors remain practically the same (A...C = -12.9 kJ/mol, A...D
= -8.1 kJ/mol, this one being weakened by the repulsive contribution among F atoms (Figure 2).

The total lattice energy of the two polymorphs AP1 and AP2 was estimated by
CrystalExplorer at the B3LYP/6-31G(d,p) level of theory, by neglecting the occurrence of
fluorinated impurities. Relaxation energy regarding conformational rearrangements was
considered the same for both structures, since in both cases the azo molecule is planar. 3! Lattice
energy for AP2 results -97.3, -100.4, -109.0 kJ/mol respectively for RT, 190K and 150 K,
contrasted with the values for AP1: -100.8 and -105.4 kJ/mol for RT and 190 K respectively.
The differences point to AP1 being the most stable form at 0 K, neglecting thermal expansion
effects®?3? and uncertainty of the computational method. ?° In order to check the relation between
the two forms at ambient conditions, the system was investigated by DSC and VT-XRPD (vide
infra).

Within the crystallization trials of AP2 (see experimental), we were able to isolate chloride
derivatives of azopyridine too, which present a remarkable propensity to give cocrystals or solid
solutions. The chlorine-containing species were clearly detected in the commercial products by
EI-MS analysis as the mono-, di- tri- and tetra-chloro derivatives (see Supporting Information).

Solid solutions involving the replacement of drug molecules with their halogen-substituted

11



analogue have been reported in the literature and are ascribed to the similar molecular shape of
the molecules involved. 3437

1 crystallizes in the monoclinic P2;/n space group. It actually consists of a solid solution of AP
(57%) and C1,AP (43%), where CLAP is further disordered over two orientations (Cl2AP-a 37%
and CLAP-b 6% respectively) (Figure 3). This uncommon model was built by careful inspection
of the electron difference map combined with occupancy refinement of the different components.
In fact, the refinement of a single Cl, AP molecule leads initially to having two orientations with
chlorine atoms with refined occupancy of 37% and 6% respectively. This model leaves evident
residuals of further positive residual density tracing a second molecule slightly displaced and a
second partial chlorine atom (blue peaks in Figure 3), and negative electron density residuals

(red) indicating a less than unitary occupation of the actual model.

12



Figure 3. (a) Co-existence of three molecular entities in 1, with refined occupancies, and overall
final model (b) Difference electron density map (max/min= 0.7/-0.6 e/A%) obtained by refining a
single C1,AP molecule, with chlorine atoms partially occupied (37% and 6%). Blue residuals
reveal the presence of a second slightly displaced molecular component, which was successfully
modeled as an AP molecule with 57% occupancy, while red residuals indicate that the
occupancy must be lowered, hence C,AP refined to 43% occupancy. (c) Final difference

electron density map with (Cl,AP-a 0.37: C,AP-b 0.06: AP 0.57) composition.
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Therefore, a second molecular entity was modeled, containing no chlorine atoms, and the
complementary occupancy of the Cl, AP and AP entities were refined. The R; factor reduced
from 12.82 to 12.18% and the final difference electron density map was significantly improved
(max/min= 0.7/-0.6 e/A3) (Figure 3).

Thus the structure of 1 consists of a solid solution of AP and Cl,AP molecules, which pack
with a pattern reminiscent of AP2, namely displaying a pillared stacking with 3.427 A A...B
interplanar distance, and short CH...N interactions between A...C pyridinic groups of different
pillars (C-H...N C..N=3.486 (2) and 3.447(3) A, C-H...N = 145 and 156° respectively) (Figure
4). Differently from AP2, in this case the contacts bridge molecule across the pillar, so that
adjacent A, C molecules are not arranged in layers, but are tilted. Interestingly, the motif of
parallel A...D coplanar molecules seen in AP1 and AP2 recurs also for CLAP and

accommodates the occasional steric hindrance of partially occupied chlorine atoms (Figure 4).

Figure 4. Left: Packing arrangement in 1, evidencing the A...B stacking and the A...C C-H...N
hydrogen bonds as observed for AP1 and AP2, see Figure 1. Disorder has been omitted for
clarity. Right: Example of array of parallel A (CLbAP) and D (AP) molecules for 1, where the

three molecular components of the solid solution are represented as an example.
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From the crystallization experiment of commercial AP performed in DMSO (see
experimental), other two crystalline compounds were isolated, which resulted to be two
polymorphs of the 1:1 cocrystal between AP and CI4AP, namely 2 and 3.

2 crystallizes in the monoclinic P2;/n space group, where both components, AP and CI4AP are
located on the inversion centers. The most striking structural features exhibited by 2 is the
coplanarity of the four chlorine atoms of CI4AP (dihedral angle between pyridine rings = 0.0°),
which intuitively would be expected to adopt a conformation less hindered by mutual repulsion;
this is combined with the disorder of the N=N group of the Cl4AP molecule over two alternate
positions (Figure 5). From inspection of the difference electron density map after the last
anisotropic refinement, in fact, it is clear from the residuals that the azo group in both molecules
is disordered over two orientations (Figure 5). The disorder was modeled as 0.5/0.5 and
0.33/0.67 distribution for Cl4AP and AP molecules respectively, the R; factor dropped from 10.1

to 6.2% with a featureless final map.

Figure 5. Difference electron density map for 2 evidencing peaks pointing at disorder of the azo

group (maximum 2.0, minimum -0.6 ¢/A3), and refined model below.
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The cause of the unexpected planarity of CI4AP was investigated by computational analysis.
The conformational energy of the ClsAP molecule related to the reciprocal orientation of the
pyridine groups and to the geometry of the N=N group has been calculated with Gaussianl6
package®® to understand if the two features are related, and if the counterintuitive coplanar
arrangement of the four chlorine atoms may be favored by the packing stabilization. We
explored the 180° rotation of the structure around the dihedral angle ¢ 7-1-12-13 (Figure 6).
The relaxed scan shows that in the gas phase the solid-state geometry (I) is significantly
different from the most stable form III (I ¢ = 13°; III ¢ = 83°). The energy difference between
III and I is 5 kJ/mol, and it is due to a combination of repulsive and electronic effects. In fact,
upon variation of ¢ we also observed a change in the length of N=N bond, and a concomitant flip
of the azo bond, mirroring the disorder observed in the electron density map. Visualization of the
HOMO orbital of II and IV, corresponding to minimum and maximum of N=N bond length
respectively, shows that in II the N=N bond is shorter than in IV because the lone pairs (sp?) of
the nitrogen atoms are delocalized on the pyridine rings, thus decreasing the repulsive forces (see
Supporting Information); conversely in IV the orbitals conjugated with the aromatics systems of
pyridine are p-type (N=N double bond), resulting in a longer bond length as less electron density
is delocalized on the aromatic system. Further variation in ¢ brings the structure abruptly back

to conformation II (V = II in the Figure 6).
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Figure 6. (top) Dependence of the gas phase energy of CI4AP on dihedral angle ¢ in 2. Solid-
state geometry relaxed in gas phase ¢(I) = 12°. (down) Geometry of conformations along the
scan: I, minimum N1o-N21, ¢ = 57°; III, minimum energy, ¢ = 83°. IV, maximum energy in gas

phase, maximum Nio-N21, ¢ =142°; V, ¢ = 148°, azo group orientation and length is restored as

in I1.

In fact, the main stabilization factor in the packing of 2 is represented by the dispersive
stacking of ClsAP molecules (-34.6 kJ/mol), as calculated by CrystalExplorer?* at the B3LYP/6-
31G(d,p) level of theory (Figure 7). This compensates the conformational expense required to
flatten the molecule discussed in the previous paragraph. Within the stacked columns, CI4AP
molecules are separated by an interplanar distance of 3.59 A, and are significantly offset by 4.03

A. AP molecules are also arranged in offset stacked pillars (E = -20.2 kJ/mol), with shorter

17



interplanar distance (3.21 A) and larger offset (4.32 A). The CI4AP and AP columns interact by
C-H...N contacts (E = -16.4 kJ/mol, 3.401(2) A, 146(2)°) forming slabs (Figure 7) exposing at
the surface alternately pairs of CI atoms oriented as a pincer, and N atoms of the azo groups. This
arrangement supports the aggregation of the slabs (E=-12.2 kJ/mol) through the biting of the
array of paired Cl atoms on the array of azo groups of an adjacent slab, by halogen bonding
(C1...N = 3.260(2) A)) and long Cl...H-C contacts (H...Cl = 3.0-3.1 A) creating an orthogonal
reciprocal orientation (dihedral angle = 83°).

From the same crystallization batch of 2, we obtained a second concomitant polymorph of the
AP:Cl4AP cocrystal, namely 3, which also crystallizes in the monoclinic space group P2;/n. The
structure contains one AP molecule and one CI4AP molecule both located on the inversion
centers. The analysis of the electron density on the chlorine atoms of Cl4AP (Figure 8), however,
suggests that they are not fully occupied, namely 80% and 88% respectively, indicating the
presence of a mixture of CI4AP (up to 80%), CLAP (up to 8%) and AP (12%) molecules on the
same site. Moreover, the difference electron density map highlights a significant residual at
chlorine bonding distance from the meta-carbon of the AP molecule (Figure 8), modeled as a
partially occupied chlorine (6%). With this model of occupational disorder, the structure
improves from R;=9.30 to 7.79% and the final map is practically featureless. The final picture is
therefore a AP:CI4AP cocrystal with partial substitution of C1, AP on both sites. As for 2, 3 also
exhibits perfect coplanarity of the four chlorine atoms of Cl4AP, combined with the disorder of
the azo group of the CI4AP molecule over two alternate positions (Figure 8). Energy framework
calculations performed on the structure simplified as a 1:1 AP:CI4AP cocrystal (Figure 9) shows
that the main packing stabilization is due to the stacking of segregated columns of CI4AP and

AP, contributing by -47.9 and -28.8 kJ/mol respectively (Figure 9).
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Figure 7. Top: slabs formed by stacked arrays of CI4AP and AP molecules, interacting by
CH...N hydrogen bonds in 2. Center: orthogonal arrangement of adjacent slabs, via biting of Cl

on N (inset). Bottom: energy framework for 2 (kJ/mol), threshold -9 kJ/mol.
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Figure 8. Difference electron density in 3, when modelled as a 1:1 AP:CI4AP cocrystal, showing
residuals corresponding to partially occupied chlorine atoms (max/min=1.24/-1.10 ¢/A%). The
residual density was modeled as displayed in the bottom part, with CI4AP (up to 80%), CL,AP
(up to 8%) and AP (12%) occupying one site, and AP (94%) and CL,AP(6%) the other site of the

cocrystal.

The mainly dispersive attraction between planar Cl4AP molecules largely compensates the
conformational energy loss described above. CI4AP and AP molecules show a stacking distance
of 3.46 A and 3.40 A respectively, and an offset of 1.9 A and 2.0 A respectively, being therefore
much better piled than in 2. A mainly coulombic stabilization between stacked arrays of AP and
CLAP is obtained by C-H...N (3.604(6) A, 152(4)°) hydrogen bonds between pyridine rings
(-15.9 kJ/mol), which originate slabs in the bc plane. As in 2, these slabs are arranged in a tilted
fashion and connected by N...Cl halogen bonds and C-H...Cl contacts (-10.0 kJ/mol). However,

the tilt angle is lower than in 2 (63°).
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Figure 9. Packing of 3 (occupational disorder omitted). Top: slabs formed by stacked arrays of
CL4AP and AP molecules, interacting by CH...N hydrogen bonds. Center: tilted arrangement of
adjacent slabs, via biting of Cl on N (inset). Bottom: energy framework for 3, threshold -9

kJ/mol.

The lattice energy of the two forms 2 and 3 have been estimated by using the procedure of
CrystalExplorer?® at the B3LYP/6-31G(d,p) level of theory, considering a fully ordered 1:1

occupancy of the two molecular partners in both structures. 3 resulted more stable than 2 (-112.7
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and -109.5 kJ/mol, respectively). Full energy frameworks for the two forms are compared in the
Supporting Information.
Phase evolution as function of temperature

DSC analysis performed on the commercial AP is reported in Figure 10 (inset). Two
heating/cooling cycles were performed to test the reproducibility of the thermal events. Details
are reported in the Supplementary Information. The fine phase interpretation is reported below in
the VT-XRPD paragraph. An endothermic peak at 77°C related to the AP1-to-AP2 phase
transition is observed during the heating process (from 30°C to 100°C at 5 °C min'!), then, at
96°C (broad peak), the melting of the sample occurred. The AH calculated for the first peak
(12.20 J/g) is significantly lower than the one reported for the second peak (89.42 J/g) which is
symptomatic of a non-complete AP1-to-AP2 phase transition. The broad peak associated to the
melting event actually suggests the presence of both AP1 and AP2 as well as other halogenated
species, as confirmed by XRPD. During the cooling process (from 100 to -30 at 5°C min'), a
series of exothermic events were observed: the main exothermic peak centered at 79°C is related
to the multiple recrystallization of different species (vide infra) to which a AP2-to-AP1 phase
conversion follows at 62°C suggesting an enantiotropic relationship between the two AP
polymorphs. During the second heating/cooling cycle, the samples undergoes the same
endothermic/exothermic events: the broader peaks, compared with those observed in the first
cycle, convey that the all the events are sensibly kinetically dominated.

Variable Temperature X-Ray Powder Diffraction (VT-XRPD) analysis performed in non-
ambient conditions were performed on commercial AP (Figure 10) to better understand the phase
evolution already observed by DSC as function of temperature. The sample was exposed to a

firing profile consistent to the heating cycles used for the DSC analysis.

22



Heat Flow (Endo Up)

" 1 K
AN LN
- AN
st ! | il
! I 4| e~ ————————a
BRI .« SIS | o e
R, RIS | V) S
= I ;I\: l I 'l
— ;\'r-‘__/-'.r"' | P: SR
i |
l : E VAR 15t Heating
|
| ; | |
LJ L L) L T
4 16 18 20 22
26

Figure 10. VT-XRPD analysis performed on AP starting material. Two heating/cooling cycles
were performed in sequence on the same sample. The XRPD patterns are y-offset displayed and
labelled accordingly. For the sake of clarity, the 2-theta values reported are limited to the range
where only the most representative peaks for the phases under investigation (labelled accordingly
in the picture) are observed. (inset) DSC thermal profile registered on the commercial AP. The
temperature reported is only limited to the range where thermal events are registered. The two
subsequentially heating/cooling cycles performed are represented with the following color code:

1t heating red, 1% cooling light blue, 2" heating dark red, 2" cooling dark blue.

The phase evolution interpretation at each temperature is reported in the Supporting
Information. AP was heated from ambient temperature up to 100 °C at 5 °C/min and then cooled

down to ambient temperature with the same thermal gradient. It is worth notice that AP1 was the
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major crystalline component in the as purchased sample, even though some extra peaks related to
1 and 2 were detected as impurity. The mixture remained stable up to 70°C when some extra
peaks, related to the other polymorph AP2, came up. At 90°C the intensity of the peaks related to
1 decreased while the AP2 increased significantly. At 95°C both AP1 and AP2 were present in
the mixture. By increasing the temperature, the intensity of the Bragg peaks related to AP2
decreased before those of AP1 suggesting that the melting point of AP2 is lower than that of
AP1. After melting occurred at 100°C, the sample was cooled down to 60°C: at 90 °C both AP2
and AP1 crystallize. After recrystallization from the melt, the X-ray pattern is massively
characterized by preferential orientation of AP1 which could negatively influence the LoD of
any additional phase (if any). It is worth notice that, after melting, also 1 and 3 crystallized on
cooling the sample down at 75 °C. A second heating profile was performed up to the melting
(100°C) at 5 °C/min. The same phase evolution was observed with the exception that the mixture
was now composed by AP1, AP2, 1 and 3. The broader peaks observed in DSC during the
second heating profile is thus justified by the emergence of more side-structures with respect to
those present in the raw material. As a confirmation that kinetic plays a key role in the formation
of satellite crystalline phases as function of temperature, we quickly cooled the sample from the
melt to 90°C unexpectedly showing that 3 is present as major component. After melting and
cooling again the sample with no holding time from 100 °C to 25 °C we observed that AP1
(massively preferentially oriented) and AP2 are both present at room temperature. 2 and 3 are

also present as satellite phases.

Conclusions
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The findings of this work show how the presence of impurities in a crystallization batch can
originate a landscape of structural variations, from solid solutions where the impurity are easily
accommodated in the main crystal framework, to cocrystals where the unexpected guest plays a
pivotal role in determining the crystal structure, to solid solutions of mixed partners where all the
components can be accommodated. The important conclusion is that the final outcome depends
on the molecular structure of the impurity.

In fact, comparison of AP1 and AP2 shows that AP is a flat, centrosymmetric molecule and it
is propense to pack by organizing stacked pillars stabilized by strong dispersive interactions,
which assemble by coulombic C-H...N contacts giving slabs which further associate by
dispersive loose contacts. These loose contacts allow to incorporate fluorinated impurities in the
structure, whose slightly augmented steric hindrance fits well in the small empty spaces of the
AP2 structure, giving a solid solution. Substitution of fluorine with the more abundant and
sterically hindered chlorine impurity (CbAP) leads to a significant tilt of the pillars within the
slab, necessary to accommodate the bigger halogen, and, consequently, to the distortion of the
structure. A dramatic change occurs when a Cl4AP impurity shares the crystal packing with AP:
like in AP1, AP2 and 1, both AP and Cl4AP molecules are planar and strongly propense to pack
in slabs made by stacked pillars connected by C-H...N interactions, as seen in 2 and 3. However,
the two faced meta-chlorine atoms on the same of CI4AP provide a strong supramolecular bite to
interact with the azo group of AP, which strongly tilts the slabs. Two forms of tilting are
observed, depending on the ClI4AP content (2 and 3). The interplay between molecular structure
and crystal packing is two-faced: on one hand the strong stacking stabilization forces CI4AP to
adopt a flat conformation that, in turn, creates the supramolecular bite governing the assembly of

the slabs. Molecules AP, F2AP, C1,AP, CI4AP have similar shape and occur concomitantly in
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commercial azopyridine, generating a variety of different crystalline arrangements based on a

diverse combinations of intermolecular interactions.
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4,4’-diazopyridine and its halogenated derivatives show an amazing propensity to give
polymorphs, co-crystals, and solid solutions due to a combination of intermolecular interactions.
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