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Solid-state grinding can provide “mechano-distinctive”
crystals that are not accessible from solutions. Herein, we
demonstrate the structure determination of a powdered
mechano-distinctive co-crystal of 2-aminopyrimidine and

succinic acid in a 2:1 molar ratio using microcrystal electron

co-

diffraction.

Solid-state grinding (SSG) or mechanochemical synthesis has
become an increasingly common technique in the
preparation of co-crystals."” Co-crystallization by SSG has
been applied to enhance dissolution, solubility, and
bioavailability of many drugs in co-crystal engineering.®*'° In
contrast to solution methods, SSG is ecofriendly and can be
used for low-solubility compounds. Further, SSG can yield
crystals with specific stoichiometries and crystal structures
that are not attainable using solution methods.""*®
Consequently, SSG is an attractive and key technique in
materials science.

The samples prepared by SSG are in a powder form
comprising small crystals with sizes ranging from nano- to
micrometers. These are too small for single-crystal X-ray
diffraction (XRD), which is the most common technique used
for crystal structure analyses. Powder XRD is an alternative
technique for analyzing ground samples."' However, this
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technique is susceptible to diffraction peak overlap due to
coexistence of polymorphs and crystal-size-dependent peak
broadening which hinders the analysis of the crystal
structure.””"?

Microcrystal electron diffraction (MicroED)"*™*® is another
technique for determining the structure of nano crystals
based on electron microscopy. MicroED was initially
developed for protein crystals’®" but has been used for an
increasing variety of small-molecule crystals in recent
years.”>*” Very thin crystals show clear electron diffraction
patterns owing to the strong interaction between electrons
and matter, providing crystal structures directly from the
powders.'®'”?® By exploiting this advantage, MicroED was
applied to a ground co-crystal, whose structure was reported
to be not accessible by the solution method in this study.
Fig. 1 shows a representative example, focusing on a 2:1 co-
crystal of 2-aminopyrimidine (2AP) and succinic acid (SA),
which was first synthesized by Etter et al. in 1990.*

A 2:1 co-crystal in powder form was prepared for MicroED
by grinding a 2:1 mixture of 2AP and SA using an agate
mortar and pestle for 10 min. This sample was aged at 22-30
°C for nine days (ESIf Fig. S1f). Although the main
component of the mixture was the 2:1 co-crystal after the
aging, the diffraction peaks indicate existence of small
amount of the 1:1 co-crystal (20 = 11.8°, 13.5°), 2AP (26 =
18.5°, 28.8°, 29.6°) and SA (20 = 26.2°). The powdered co-
crystals were gently dusted on a copper EM grid (Quantifoil
R1.2/1.3 Cu 200 mech) and loaded onto a Talos Arctica
microscope (Thermo Fisher Scientific). Data collection was
performed using SerialEM>® with a strategy described in the

NH,
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L
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Fig. 1 Molecular structures of 2-aminopyrimidine (2AP) and succinic
acid (SA).
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literatures.>*** Crystals were manually flagged on square
atlases (Fig. 2) and diffraction patterns were automatically
collected using Verlox controlled by SerialEM via
AutoHotKeys. The dataset was collected under parallel
illumination conditions at 200 kV, a gun lens 8, a spot size of
11 in the nanoprobe mode and with an electron dose rate of
0.05 ¢ A2 s'. With a 100 um condenser aperture and
without a selected-area diffraction aperture, the beam
diameter was approximately 1.35 pm. During data collection,
the temperature of the specimen grid was maintained at 79
K. The diffraction patterns were recorded on a Ceta detector
(CMOS 4k x 4k, Thermo Fisher Scientific) running at 1 frame
per s, while the crystals were rotated by 60-70° at 1° s .
Diffraction patterns were indexed, integrated, and scaled
using DIALS.** > With a sample set in excess of 500 recorded
crystals, diffraction patterns from 14 best crystals were
merged to provide the final structure factors (ESIt Table S1).
The crystal structure was solved using charge flipping and
refined kinematically by SHELXL with Olex2 (ESIf Table
$2).**> Owing to unmodeled dynamical scatterings and
accuracy limitations of the virtual camera distance (618 mm),
the standard deviations of the refined parameters are
considered underestimated.

Both the 2:1 (this work) and 1:1 (refcode: SERMOR)* co-
crystal structures belong to the monoclinic space group P24/c
(P24/n), but they exhibit different molecular conformations
and hydrogen-bonding networks, as seen in Fig. 3. In the 2:1
co-crystal, SA has a ¢rans conformation and forms a ring-type
hydrogen-bonding network with 2AP, which is denoted as
R3(8) according to the graph-set analysis shown in
Fig. 3a(i).**° Another ring-type hydrogen-bonding network
of R3(8) is formed between neighboring 2AP. Consequently,
the 2:1 co-crystal formed a zigzag (¥ = 57.1°) supramolecular
tape with inversion centers at the centers of SA and a ring-
type hydrogen-bonding network of 2AP. The tapes leaning
against the b-axis stack along the ag-axis to form a
2-dimensional (2D) supramolecular layer, as shown in
Fig. 3b(i). The 3-dimensional (3D) crystal structure is an
assembly of layers along the c-axis. Fig. 3a(ii) depicts the 1:1
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Fig. 2 Cryo-EM image of the 2:1 co-crystals.
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Fig. 3 (a) Hydrogen-bonding networks and (b) packing diagrams of
the (i) 2:1 (this work) and (i) 1:1 (refcode: SERMOR)* co-crystals.

co-crystal forms, which form a zigzag (¥ = 81.4°)
supramolecular tape with no inversion centers by ring-type
hydrogen-bonding networks of R3(8) between SA with the
gauche conformation and 2AP. 2D supramolecular layers
constructed by stacking the tape along the a-axis yield a 3D
crystal structure, as shown in Fig. 3b(ii).

The differences in the crystal structures and
intermolecular interactions such as hydrogen-bonding
networks can change the stability of the co-crystal as
investigated by thermal analyses. The 2:1 co-crystal showed a
32% mass reduction starting at approximately 100 °C owing
to sublimation. It melted at 149 °C in thermal measurements
performed for thermogravimetric (TG) and differential
thermal analysis (DTA), as seen in Fig. 4a and S2a.t "H-NMR
spectroscopy showed that the sublimated solid was 2AP (Fig.
S3+). However, the 1:1 co-crystal prepared by mixing 2AP and
SA in a 1:1 molar ratio in ethanol had no peaks before the
melting point of 149.5 °C, similar to the peaks of the 2:1 co-
crystal (Fig. S2bf). This indicates that the 2:1 co-crystal
transforms into the 1:1 co-crystal by releasing 2AP. Fig. 4b
shows that powder XRD confirmed the formation of 1:1 co-
crystals (Fig. S1t). Diffraction peaks, e.g. at, 260 = 17.7°,
characteristic of the 1:1 co-crystal appeared when heating
the 2:1 co-crystal at 120 °C for 2 min. The co-crystals formed
SA in addition to the remaining ca. 7 mol% of the 1:1 co-
crystal, as determined by "H-NMR spectroscopy after heating
for further 13 min (Fig. S41). Moreover, the 2:1 co-crystals
gradually transformed into 1:1 co-crystals when kept at room
temperature. Fig. 4b and c¢ show that approximately 80% of a
batch of 2:1 co-crystals transformed into 1:1 co-crystals after
3 months (Fig. S51). This shows that the 2:1 co-crystal has a

CrystEngComm, 2023, 25, 352-356 | 353
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Fig. 4 (a) TG/DTA diagram of the 2:1 co-crystal. (b) Powder XRD
patterns measured at 24 °C: simulated from the crystal structures of
the 2:1 co-crystal (2:1-Simu, blue) and 1:1 co-crystal (1:1-Simu, red);
experimental patterns of 2AP (2AP, black), SA (SA, gray), the 2:1 co-
crystal before (Observed, light blue) and after heating for 2 (120 °C-2
min, purple) and 15 min (120 °C-15 min, green); and the 2:1 co-crystal
after aging for 3 months under ambient conditions (RT-3 months,
pink). Representative diffraction peaks of the 2:1 and 1:1 co-crystals
are highlighted by blue and red, respectively. (c) TG/DTA diagram of
the 2:1 co-crystal after aging for 3 months under ambient conditions.

lower stability than that of the 1:1 co-crystal under ambient
conditions.

The stabilities of the co-crystals were further evaluated
with regard to the theoretically calculated energies listed in
Tables 1 and S3.f The crystal structures, which were solved
based on different techniques, i.e. microcrystal electron and
power X-ray diffraction,” were optimized and their lattice

energies  (Ej,) were calculated using CONFLEX9
(MMFF94s).">*!  BSSE-corrected intermolecular interaction
energies (Ei,) between hydrogen-bonded molecules

(2AP---2AP and 2AP---SA) were calculated at the B3LYP-D3/6-
311G** level of theory”*** using the counterpoise method*®
with Gaussian 16 (ref. 46) and Gauss view 6.0.16.*” This was
based on the dimers retrieved from the optimized crystal
structures. The Ei, of the 2:1 co-crystal (-125.47 kcal mol™)
indicates its lower stability than that of the 1:1 co-crystal
(-182.97 kecal mol™). Further, while the supramolecular tape
in the 1:1 co-crystal is constructed by a robust hydrogen-
bonding network (Ej,. (2AP---SA) = -16.31 kecal mol ™), both

Table 1 Lattice (E,,) and intermolecular interaction (E;.) energies (kcal
mol™)

Entry Eyae Eine (ZAP . ZAP) Eine (ZAP . SA)
2:1 co-crystal -125.47 -12.36 -16.01
1:1 co-crystal -182.97 — -16.31
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this network (Ei, (2AP---SA) = -16.01 kcal mol™") and
relatively weak hydrogen-bonding network (Ej,. (2AP:--2AP)
-12.36 kcal mol™) are formed in the 2:1 co-crystal.

In conclusion, the co-crystal structure of 2AP and SA in a
2:1 molar ratio synthesized by SSG are not accessible by
solution methods. This precludes the preparation of large
single crystals suitable for structure determination by single-
crystal XRD. However, the crystal structure of the 2:1
cocrystal was determined using MicroED. Although more
accurate atomic positions of the 2:1 co-crystal might have
been obtained by dynamical refinement, we limited our
analysis to kinematical treatment due to technical
difficulties. Kinematical refinement affords atomic positions
accurate enough to discuss crystal packings. The 2:1 and 1:
1 co-crystals of 2AP and SA have different stabilities owing to
their different hydrogen-bonding networks and crystal
structures, as determined by the thermal analyses and
theoretical calculations. This demonstrates that MicroED is
suitable to determine the crystal structure of powdered
samples including those produced exclusively by SSG, or
which are “mechano-distinctive”, and is useful in co-crystal
engineering where SSG is a prevalent preparation method.

The refined structure of the 2:1 co-crystal was deposited
to CCDC (accession code: 2211429) and COD (accession code:
3000424). The raw MicroED diffraction images were
deposited to XRDa (accession code: XRD-109, https://doi.org/
10.51093/xrd-00109). Input and output files for computational
chemistry calculations and powder X-ray diffraction data
were deposited to Zenodo (https://doi.org/10.5281/
zenodo.7435859).
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