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Competitive milling (CM) and stability milling (SM) mechanochemical reactions are used to
comprehensively assess the relative thermodynamic stabilities and cocrystallization affinities of three
pharmaceutical cocrystals (PCCs) of fluoxetine HCL (X) with three different pharmaceutically acceptable
coformers (PACs, i.e., benzoic acid (B), fumaric acid (F), and succinic acid (S)). CM reactions, which involve
milling X in the presence of two or more different PACs, were used to determine cocrystallization affinities,
whereas SM reactions, which involve milling a PCC of X with a different coformer, were used to determine
relative thermodynamic stabilities. In certain cases, SM reactions exhibited a remarkable solid-state
exchange of coformers, yielding new cocrystalline forms. **Cl (spin / = 3/2) SSNMR is used as the primary
probe of the products of CM and SM reactions, providing a reliable means of identifying and quantifying
chloride ions in unique hydrogen bonding environments in each reaction mixture (:*C SSNMR spectra and
pXRD patterns are used in support of these data). On the basis of these reactions and data, the PAC
cocrystallization affinities with X are B > F = S (most to least preferred), and the PCC stabilities are XB >
XoF = XS (most to least preferred), corresponding to enthalpies of cocrystallization ranked as AHgS <
AHgG = AHSS. PAC affinities and PCC stabilities were found to be the same for products of analogous
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slow evaporation experiments and mechanochemical reactions with extended milling times (ie., 90
minutes). Preliminary plane-wave DFT-D2* calculations are supportive of cocrystal formation; however,
DOI: 10.1039/d2ce01341) challenges remain for the quantification of relative enthalpies of cocrystallization. This work demonstrates
the great potential of CM and SM reactions for providing pathways to the rational design, discovery, and

rsc.li/crystengcomm manufacture of new cocrystalline forms of APIs.

dispersions,® cocrystals,’ and combinations thereof.*’
Therefore, it is imperative to have methods for investigating

1. Introduction

It is of great importance for active pharmaceutical ingredients
(APIs) to have physicochemical properties (i.e., stability,
solubility, bioavailability, tabletability, etc.)™* that ensure
optimal drug delivery and performance, which are significant
concerns for both the pharmaceutical industry and consumer
health and safety. Key to obtaining an API with advantageous
properties is the discovery of new solid forms, including
polymorphs,® hydrates/solvates,” salts,” amorphous solid
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these properties and their relationships to structure during
every stage of drug development and formulation.

Cocrystals (CCs) have garnered interest due to their use for
the production of new solid phases of APIs with enhanced
physicochemical properties.’™® CCs are multicomponent,
single-phase, crystalline materials that are stabilized by
intermolecular non-covalent interactions between
constituents that generally exist in integer stoichiometric
ratios (this categorization excludes simple salts, hydrates,
and solvates).”*"” Pharmaceutical CCs (PCCs) usually involve
at least one API molecule and one pharmaceutically-
acceptable coformer (PAC), although drug-drug PCCs (i.e., co-
drugs) are also known.*'®'® Many PACs are suitable
candidates for cocrystallization with an APL*° therefore,
screening and characterization of PCCs is crucial in crystal
engineering and pharmaceutical research, with the potential
to unleash the discovery of new, rationally-designed, solid
forms of APIs.
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Of particular interest is the exploration of the synthesis
and characterization of PCCs involving HCI salts of APIs, of
which there are relatively few reports in comparison to those
involving free base/neutral APIs.*’*> Chloride ions are able
to accommodate many hydrogen bonds, and play major
roles in PCC formation and structural stability.>*™® Given
the vast number of HCl APIs,*** the rational design and
synthesis of novel HCl PCCs may allow for a wider array of
solid forms with notably improved physicochemical
properties.

There are many pathways for PCC synthesis, including
cocrystallization from solvent, spray drying, co-melting,
sublimation, formation of slurries, and mechanochemical
preparation.”**?*%3% Mechanochemical synthesis, which uses
mechanical energy to induce chemical changes or reactions,
is a reasonably well-established method for PCC
synthesis.*®* ** Mechanochemical syntheses of PCCs, which is
commonly accomplished using ball mills, planetary mills,
and/or screw extruders, adheres to the tenets of green
chemistry, as little to no solvent is used, product yields are
extremely high, energy costs are low, and there are no/
minimal ~ hazardous  by-products.***’  To  date,
mechanochemistry has been used for the synthesis of only a
handful of HCI PCCs,'®*">**® with little investigation into
the mechanisms of their formation or stability.

An emerging approach for performing mechanochemical
syntheses of PCCs, and cocrystals in general, is competitive
milling (CM). CM finds it roots in displacement reactions
common to the field of inorganic solid-state chemistry (e.g,
salt metathesis).*>® The shallow crystal energy landscapes
of organic solid-state materials, however, can be expected to
make outcomes of CM experiments extremely difficult to
predict. The packing energies of organic solids are
determined by relatively weak intermolecular interactions
whose optimal arrangements are less predictable than those
involving  strong intermolecular interactions and/or
directional coordination bonds. Indeed, there is great
potential for CM to be used as a means of designing and
discovering new PCC phases, which has arguably inspired
recent efforts aimed at determining the relative
thermodynamic stabilities of PCCs via stability milling
(SM).52’53’55_57

The desired outcome of a CM reaction (Scheme 1) is to
produce a new PCC from an API and two different coformers,
with one of the coformers being preferentially selected upon
cocrystallization owing to coformer affinity and/or
thermodynamic stability of the PCC (i and ii). Other
possibilities include cocrystallization of the coformers (iii) or
no reaction (iv). For SM reactions (Scheme 1), which involve a
PCC and distinct coformer, a most interesting outcome is a
so-called solid-state extraction, whereupon a new PCC is
formed by exchange of the coformers (ii). Other possibilities
include no reaction (i), cocrystallization of the coformers (iii),
or the interesting possibility of the separation of the PCC into
its constituents (iv). For both CM and SM, combinations of
the aforementioned outcomes are also possible.
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Scheme 1 Potential species resulting from (A) competitive reactions
and (B) stability reactions include: (i) a cocrystal of the APl with
coformer 1, (ii) a cocrystal of the APl with coformer 2, (iii) a cocrystal
of coformer 1 and 2, and (iv) a physical mixture of educts (ie., no
reaction occurs) or dissociation of the cocrystal. N.B. it is also possible
to obtain a combination of species i-iv in both competitive and
stability milling reactions.

By comparing the educts, products, and potential by-
products of CM and SM reactions, it should be possible to
gain insight into the relative stabilities of different solid
forms, affinities between APIs and PACs, and the existence of
intermediate and/or impurity phases.

In this work, we present a preliminary study of the utility
of CM and SM to assess the relative affinity of three
coformers (i.e., benzoic acid (B, BENZAC), fumaric acid (F,
FUMAAC), succinic acid (S, SUCCAB); Scheme 2) and
stabilities, respectively, of three PCCs of fluoxetine HCI (X,
FUDCOW) under mechanochemical conditions (i.e., XB
(RAJFAK), X,F (RAJFIS), and X,S (RAJFEO)). All solid phases
reported herein can be rapidly produced in quantitative
yields and are characterized with a combination of **Cl and
13C SSNMR, and pXRD.?"*> We compare the results of these
syntheses to analogous competitive and stability reactions
involving both cocrystallization from solution and extended
milling times. Finally, we include a brief discussion of
theoretical enthalpies of cocrystallization, AH, of the three
PCCs, using dispersion-corrected plane-wave density
functional theory (DFT-D2*) methods.’®®* The data are used
to (i) assess the reactivity of coformers and APIs and stability
of PCCs under high-frequency milling conditions, (ii)
establish a ranking of coformer and PCC affinities, and (iii)
examine the thermodynamic and/or kinetic effects driving
the formation of these PCCs.

2. Experimental
2.1 Materials

Fluoxetine HCIl (X) was purchased from Tokyo Chemical
Industry Co., Ltd. Benzoic acid (B), fumaric acid (F), and
succinic acid (S) were purchased from MilliporeSigma. All
reagents were used as received without any further
purification.

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Molecular structures of (A) fluoxetine HCl (FUDCOW) (X), (B) fluoxetine HCL: benzoic acid 1:1 cocrystal (XB, RAFJAK), (C) fluoxetine
HCL: fumaric acid 2:1 cocrystal (XzF, RAJFIS), and (D) fluoxetine HCl:succinic acid 2:1 cocrystal (X,S, RAJFEO). The coformer molecules benzoic
(B, BENZAC), fumaric (F, FUMAAC), and succinic acid (S, SUCCAB), are highlighted in green, red, and purple respectively.

2.2 Milling experiments

Mechanochemical syntheses were conducted using a Retsch
Mixer Mill 400 with two 10 mL stainless steel milling jars.
Reactions were performed by liquid-assisted grinding (LAG)
with 5 pL of ethanol per 100 mg of solid, two 7 mm stainless
steel ball bearings, and milling for 5 minutes at 30 Hz to
rapidly produce cocrystals. Reactions were observed to go to
completion in only 5 minutes; however, a second series of
analogous ball milling reactions was conducted for CM1 to
CM4 and SM1 to SM6, with 90 minute reaction times at 30
Hz to see if any further reactions or change in final products
occurred, and to aid in assessing the stability of certain
cocrystals present as either educts or products. Further
details are provided in the ESIT (Tables S1 and S2).

2.3 Slow evaporation

Cocrystallizations from solution were conducted by dissolving
100 mg of solid in 5 mL of ethanol in 10 mL borosilicate
glass vials, covered with parafilm, and allowed to slowly
evaporate for 10 days. These cocrystallizations involved the
same amounts of educts as the analogous LAG reactions, and
were attempted for CM1 to CM4 and SM1 to SM6 to see if
they yielded products analogous to those from the LAG
reactions. Further details are provided in the ESIT (Tables S1
and S2).

2.4 Solid-state NMR spectroscopy

Overview. Magic-angle spinning (MAS) and static SSNMR
experiments were conducted at moderate field [B, = 14.1 T,
vo(**C) = 150.93 MHz, and v,('H) = 600.13 MHz] and high field
[Bo = 18.8 T, v(*°Cl) = 78.42 MHz, and v,("H) = 800.26 MHz]

This journal is © The Royal Society of Chemistry 2023

using wide-bore and mid-bore Oxford magnets, respectively.
Both instruments are equipped with Bruker NEO NMR
consoles and home-built 3.2 mm HXY MAS probes. Samples
were packed into 36 uL 3.2 mm outer diameter (0.d.) zirconia
rotors. Details of all the acquisition parameters for SSNMR
experiments are found in Tables S3-S7.f Spectra were
processed using the TopSpin v4.0 software package.

*5Cl SSNMR spectroscopy. Static **Cl{'"H} SSNMR spectra
were acquired at 18.8 T using the CPMG pulse sequence®*
with CT-selective /2 pulses and continuous-wave decoupling
field of v,("H) = 50 kHz. *>Cl chemical shifts were referenced
to NaCl(s) (diso = 0.00 ppm). *°Cl SSNMR spectra were
processed by coadding the echoes obtained from CPMG
acquisitions in the time domain. Simulations of all **Cl NMR
spectra (Table S8+) were performed with ssNake (version 1.3).

13C SSNMR spectroscopy. 'H-"*C cross-polarization (CP)/
MAS SSNMR spectra were acquired at 14.1 T using the
variable-amplitude CP (VACP)**®® pulse sequence with a
SPINAL-64 decoupling field of v,(*H) = 50 kHz applied during
the acquisition period. A spinning rate of v,,, = 10 kHz was
used in all experiments. *C chemical shifts were referenced
to neat TMS using the high frequency shift of a-glycine (ds0 =
176.5 ppm) as a secondary standard.

2.5 Powder X-ray diffraction

Powder X-ray diffraction (pXRD) patterns were acquired using
a Rigaku Miniflex benchtop diffractometer with a Cu Ka (4 =
1.5406 A) radiation source and D/tex Ultra silicon strip
detector. The X-ray tube voltage and amperage were set to 40
kv and 15 mA, respectively. All samples were packed in zero-
background silicon wafers with a well size of 5 mm x 0.2 mm

CrystEngComm, 2023, 25, 213-224 | 215


https://doi.org/10.1039/d2ce01341j

Published on 28 November 2022. Downloaded by University of lowa on 6/20/2023 12:23:36 AM.

Paper

mounted on an eight-position autosampler. Diffraction
experiments were run with the detector scanning 26 angles
from 5° to 50° with a step size of 0.03° and speed of 5° min™"
(acquisition time was ca. 10 minutes). The pXRD patterns for
all samples were compared to patterns of bulk materials and
previous pXRD data using the CrystalDiffract software
package, for purposes of purity assessment and phase
identification.

2.6 DFT calculations

All plane-wave DFT calculations were conducted using the
CASTEP module of BIOVIA Materials Studio 2020.°” Further
details are provided in the ESIT (S1).

3. Results and discussion
3.1 Overview

Here, various aspects of the PCCs of X are discussed,
including their syntheses using solid-state CM and SM
methods, and corresponding cocrystallizations from solution.
The main focus is upon CM and SM experiments, structural
characterization of the products, and assessment of API and
coformer affinities and PCC stabilities based on the
outcomes.

Preparations of the PCCs of X using cocrystallization from
solution and mechanochemical protocols have been
reported.*"** Herein, all CM and SM reactions were
conducted using mechanochemical preparation protocols
identical to those previously reported (i.e., the same solvent
types and volumes, milling times, numbers of ball bearings,
milling frequency, milling times, total sample masses, and
milling jars); the protocols were then optimized to obtain
high purity yields in as little as 5 minutes under LAG
conditions (see §2.2 for details). Mechanochemical reactions
with extended milling times (Z.e., 90 minutes) were conducted
to see if the PCCs are stable under these high energy
conditions.

The primary characterization techniques of the products
of mechanochemical synthesis are pXRD, '*C SSNMR, and
Cl SSNMR.***78 The former two methods are well
established for the characterization of APIs and their CCs;
however, the latter has proven its use for the structural
characterization of HCl APIs/organic salts (and relevant
polymorphs, hydrates, solvates, and CCs).*"7?"°> Chloride
ions in different solid forms reside in unique local hydrogen-
bonding environments that give rise to distinct chlorine
electric field gradient (EFG) and chemical shift (CS) tensors
(the former is particularly sensitive to even the subtlest
differences/changes in the number of H---Cl contacts, as well
as their bond lengths and spatial arrangements). In turn,
these give rise to unique central-transition (CT, +1/2 — -1/2)
powder patterns that are strongly influenced by the effects of
second-order quadrupolar interactions, as well as anisotropic
chemical shift interactions in some cases.*"*® Such patterns
provide spectral fingerprints for distinct HCI salts that can be
used for the comprehensive characterization of the identities
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and/or structures of the educts, products, and/or impurities,
either independently or to complement data from other
characterization methods. Furthermore, careful calibration of
33Cl SSNMR experiments can allow for detection of new
species, quantification of the relative amounts of these solid
phases, and monitoring of degradation of HCI API salts.”*?
It can be difficult to determine the products of certain CM
and SM reactions (e.g., those involving F and S) and quantify
reaction mixtures using either pXRD or *°Cl SSNMR alone,
due to the similarities of the respective patterns and spectra
of both the educts and products. However, careful
examination of pXRD patterns (Fig. 1A) and *°Cl SSNMR
spectra (Fig. 1B) of pure X, XB, X,F, and X,S, gives us
confidence that the combination of these methods can
reliably identify and quantify the products in reaction
mixtures. Despite similarities in pXRD patterns of X,F and
X,S (Fig. 1A), there are key peaks that can be utilized to
detect the presence of unreacted educts. In addition, each
*3Cl NMR spectrum can be simulated with unique sets of
EFG and CS tensor parameters (Table S8f), and using
knowledge of the stoichiometries involved in each reaction,
the relative quantities of each species can be determined and
key discontinuities can be identified and differentiated.*!
Furthermore, *C SSNMR spectra (Fig. S1-S5) can be used to
validate the interpretations from pXRD and *°Cl NMR.

3.2 Competitive milling (CM) reactions

For this work, CM involves subjecting a physical mixture of X
and two or three of the coformers to LAG (e.g., X is milled
with S and F). CM reactions are categorized into three
groups: (i) CM1 to CM4, (ii) CM5 to CMS, (iii) CM9 to CM12,
with the balanced equations showing the outcomes in
Table 1. Also provided are the masses, precise stoichiometric
ratios, and resulting products (Table S1}); pXRD patterns and
corresponding *’Cl SSNMR spectra and simulations (Fig. 2-
4); and supporting *C SSNMR spectra (Fig. S6-S81).
Quantification of the relative amounts of educts and
products can be difficult with all of these techniques,
including **Cl SSNMR. Each chloride ion site in an organic
HCI salt can have a unique value of T5§(*°Cl) (i.e., the time
constant associated with transverse relaxation under
conditions of high-power "H decoupling, Table S4 and Fig.
S91); however, the T5" values are similar enough among the
PCC of X that CPMG experiments permit approximate
quantification of relative integrated intensities of the powder
patterns (Table $97). Increased 'H decoupling powers tend to
reduce the contributions of heteronuclear "H-*CI relaxation
mechanisms to 75, thereby resulting in increased values of
75%, leading to an augmented number of spin echoes, and
accordingly, enhanced signals. In principle, quantification of
signal intensities is possible if the signals are scaled
according to these T5"-dependent signal differences; however,
in the case of severe overlap (e.g., spectra of X,F and X,S),
deconvolution of these relative integrated intensities is
challenging. Fortunately, knowledge of the stoichiometries of

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Experimental PXRD (left) and **CI{*H} CPMG SSNMR spectra acquired at By = 18.8 T with simulated fits (right) of X (blue), XB (green), XoF

(red), and X;S (purple).

the reactions, as in the cases of CM5 to CM12, can be
exploited to quantify the products.

In reactions CM1 to CM4, the stoichiometries are chosen
such that any coformer can react to completion with X (i.e., X
is the limiting reagent). Reactions CM1 to CM3 feature the
milling of X with the various combinations of two of the
three coformers, whereas in CM4, X is milled with all three

Table 1 Competitive milling reactions and outcomes

Reaction” Educts and products”

CM1 2X+2B+S — 2XB+S

CM2 2X+2B+F — 2XB+F

CM3 4X+2S+2F — X,F +X,S+S+F
CM4 2X+2B+F+S—2XB+F+S
CM5 4X + 2B+ S — 2XB + X,S
CM6 8X + 6B + S — 6XB + X,S
CM7 8X + 2B + 3S — 2XB + 3X,S
CMS8 6X+2B+S — 2XB +X,S +2X
CM9 4X+F+8S — X,F + X,S
CM10 8X + F + 38 — X,F + 3X,S
CM11 8X + 3F + S — 3X,F + X,S
CM12 6X+F+S8 — X,F+X,8 +2X

“ All reactions were performed by LAG with 5 pL of ethanol, educts
were milled in a 10 mL stainless steel jar with two 7 mm stainless
steel ball bearings and milled for 5 at 30 Hz. These reactions are
replicated (i.e., same quantities of educts) for cocrystallization by
milling for 90 minutes and from solution (N.B. cocrystallization from
solution used 5 mL of ethanol, see text for details). ” Limiting
reagents are in italics.

This journal is © The Royal Society of Chemistry 2023

coformers. We are unaware of an existing report wherein four
different solid phases have been subjected to CM
experiments. For CM1, CM2, and CM4, where B is present,
the **Cl NMR spectra and pXRD (Fig. 2) revealed that the XB
PCC is formed in high yield; the corresponding pXRD
patterns and supporting *C SSNMR spectra (Fig. S67)
indicate some presence of coformers F and/or S. In CM3,
where only the F and S coformers are present (ie., no B),
careful examination of the *°Cl NMR spectrum (Fig. 2)
indicates the formation of both X,F and X,S. This conclusion
is supported by the pXRD pattern (Fig. 2) and *C SSNMR
spectrum (Fig. S71) of this mixture, where key diffraction
peaks and chemical shifts that correspond to unreacted F
and S can be identified, and by the simulation of the **CI CT
powder patterns using known *>Cl EFG tensor parameters. In
all cases, the reactions are quantitative, as *>Cl patterns, *C
resonances, and pXRD peaks corresponding to X are not
detected. Furthermore, the integrated intensities of the
simulated *>Cl CT patterns of CM3 can be used as a good
approximation of the relative amount of each PCC (Table
S9t) because of the (i) precise knowledge of the
stoichiometries of the reactions and (ii) fact that 75(*°Cl)
constants for X and the three PCCs are similar. Hence,
the combination of multinuclear SSNMR and pXRD
allows for the reliable identification of products of CM1
to CM4. This is noteworthy for CM4 where a cocrystal
and two single-component phases are present in the solid
mixture.

CrystEngComm, 2023, 25, 213-224 | 217
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Fig. 2 Experimental PXRD (left) and *°Cl{*H} CPMG SSNMR spectra acquired at B, = 18.8 T with deconvolutions (right) of CM1, CM2, CM3, and
CMA4. Deconvolutions (XB = green, X;F = red, X,S = purple, and X;F + X,S = orange) indicate the product(s) of each reaction. The CM1, CM2, and
CM4 reactions result in the XB PCC. The CM3 reaction results in a one-to-one mix of X,F and X,S PCCs. Arrows with X, F, B, or S indicate

diffraction peaks corresponding to unreacted and/or excess educts.

Reactions CM5 to CM8 feature milling of X, B, and S, for
the purpose of examining if the PCCs are quantitatively
produced under CM conditions. Stoichiometries for CM5 to
CM7 are chosen such that X can react fully with both
coformers, and for CM8 such that there is an excess of X and
the coformers are the limiting reagents (N.B.: the products of
these reactions feature *°Cl SSNMR spectra with at least two
unique overlapping powder patterns, and pXRD patterns with
at least two sets of peaks, corresponding to physical mixtures
of X, XB, and/or X,S, Fig. 3). In the cases of CM5, CM6, and
CM7, pXRD patterns and *Cl NMR spectra reveal peaks and
powder patterns, respectively, corresponding to only XB and
X,S, and no traces of unreacted X, B, or S. This infers that
the reactions proceed quantitatively, generating two separate
cocrystal phases in each CM experiment. For CM8, the pXRD
pattern and **Cl NMR spectrum indicate the presence of XB
and X,S, along with excess X. The *°Cl NMR spectra are
particularly important here, since they allow identification of
all species in the reaction mixtures and determination of the
ratio of the products from spectral deconvolutions (Table
S91).

Cases CM9 to CM12 are unique since the reactions feature
milling of X, F, and S with varying stoichiometries. The
products exhibit *Cl SSNMR spectra and pXRD patterns each
with at least two unique overlapping patterns and sets of
diffractions peaks, respectively, corresponding to physical

218 | CrystEngComm, 2023, 25, 213-224

mixtures of X, X,F, and/or X,S (Fig. 4). For CM9 to CM11,
PXRD patterns and *°Cl NMR spectra reveal no trace of
unreacted X; therefore, X,F and X,S are generated
quantitatively. However, the similarities between both the
PXRD patterns and **Cl SSNMR spectra for X,F and X,S make
it challenging to identify and/or quantify the relative amounts
of each PCC. Simulations of the *°Cl patterns differentiate
X,F and X,S on the basis of the low frequency (leftmost)
discontinuities, where there is clear separation (c¢f. Fig. 1). For
CM12, the pXRD pattern and *°Cl NMR spectrum clearly
indicate the presence of excess X. Nonetheless, the identities
of the products can be identified and quantified (Table S97)
since we have knowledge of the ratios of educts used in each
reaction, and furthermore, "*C SSNMR spectra of CM9 to
CM12 can be used confirm the identity of all solid forms
(Fig. S8t). Hence, reactions CM9 to CM12 all proceed to
completion.

Finally, some considerations of the outcomes of
competitive reactions are discussed, including extended
milling times and recrystallization using SE. When reactions
CM1 to CM4 were carried out for 90 minutes the products
were identical to those of CM reactions with 5 minute milling
times. Competitive SE reactions analogous to CM1 and CM4
produce quantitative yields; however, those analogous to
CM2 and CM3 are not quantitative, as evidenced by the
presence of unreacted X in their *°Cl SSNMR spectra

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Experimental pXRD (left) and **CI{*H} CPMG SSNMR spectra acquired at By = 18.8 T with deconvolutions (right) of CM5, CM6, CM7, and

CM8. Deconvolutions (X = blue, XB = green, X,S =

purple, XB + XS = light blue, and X + XB + X;S = dark blue) indicate the product(s) with

respective relative ratios indicated for each reaction. In all cases, these reactions result in a mixture of XB and X,S PCCs, with CM8 also producing
excess X. Arrows with X, F, B, or S indicate diffraction peaks corresponding to unreacted and/or excess educts.

(Fig. S107). This latter result is not surprising as previous SE
syntheses of X,S required the use of a seed crystal, and SE of
XB also yielded a small amount of unreacted X.

3.3 Stability reactions

Stability reactions involve the LAG or SE of a physical mixture
of a PCC of X (i.e., XB, X,F, or X,S) with a unique coformer
(e.g, XB is milled with either S or F). SM reactions are
categorized into three groups based on the “starting” PCC
educt: (i) SM1 and SM2 (XB), (ii) SM3 and SM4 (X,F), and (iii)
SM5 and SM6 (X,S), with the balanced equations for these
reactions given in Table 2, the synthetic details in Table S2,f
the pXRD patterns and *°Cl static SSNMR spectra with
corresponding deconvolutions in Fig. 5 and supporting *C
SSNMR spectra in Fig. S11 and S12.}

Reactions SM1 to SM6 were all conducted under LAG
conditions with stoichiometries chosen precisely such that
the new coformer has the potential to react to completion
with X (if the reaction proceeds). In reactions SM1 and SM2,
the XB PCC was milled with F and S, respectively. The pXRD
and *’Cl NMR spectra with deconvolutions (Fig. 5A) of the
reaction products demonstrate that no reaction occurs (ie.,
XB remains intact). Reactions SM3 and SM4 feature the X,F
PCC milled with B and S, respectively. For SM3, the pXRD
and *>Cl NMR spectrum (Fig. 5B) of the ball milling products
reveals quantitative conversion of the educt to XB, whereas

This journal is © The Royal Society of Chemistry 2023

for SM4, careful inspection of both pXRD and *°Cl
spectrum reveals partial conversion of the educt to X,S
(i.e., patterns corresponding to both X,F and X,S are
present in the *°Cl NMR spectrum and peaks
corresponding to F and S are present in the PXRD
pattern). Finally, reactions SM5 and SM6 feature the X,S
PCC milled with B and F, respectively. Similar to SM3 and
SM5, the full assessment of the pXRD and *°Cl spectra of
ball milling products (Fig. 5C) reveal the complete
conversion of the educt to XB and partial conversion of
the educt to X,F, for SM5 and SMS6, respectively. The
partial conversion of the educt PCC in reactions SM4 and
SM6 is further supported by *C NMR spectra (Fig. S11
and S127), which have chemical shifts corresponding to
both PCCs and coformers relevant to each reaction (ie.,
X,F, X,S, F, and S). pXRD can be used to determine the
presence of educts/unreacted starting material for the
outcome of SM1 to SM6; again, 3°Cl NMR, with knowledge
of the stoichiometries relevant to each reaction can be
used to quantify the products (Table S97).

SM3, SM4, SM5, and SM6 exemplify a type of reaction that
has been termed as a solid-state extraction or coformer
exchange reaction (i.e., the partial or complete “exchange” of
one coformer for another wunder solid-state reaction
conditions - we believe the latter terminology is more
apropos).®>***>%¢ 1t is clear that these reactions proceed
quantitatively and the relative stabilities of the PCCs can be

CrystEngComm, 2023, 25, 213-224 | 219
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Fig. 4 Experimental PXRD (left) and **Cl{*H} CPMG SSNMR spectra acquired at B, = 18.8 T with deconvolutions (right) of CM9, CM10, CM11, and
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relative ratios for each reaction. Reactions result in a mixture of X,F and X,S PCCs, with CM12 also containing producing X. Arrows with X, F, B, or
S indicate diffraction peaks corresponding to unreacted and/or excess educts.

ranked in the same order of their corresponding enthalpies
of cocrystallization: AHyy < AHYG ~ AHYS. These results are
unchanged when reactions are milled for 90 minutes or
performed under SE conditions (Fig. S137).

3.4 Summary of the competitive and stability milling
reactions

The combined results of our CM and SM reactions indicate
that XB is the most thermodynamically stable PCC and B is

Table 2 Stability milling reactions and outcomes

Reaction® Educts and products”

SM1 2XB +F — 2XB + F

SM2 2XB+S — 2XB+ S

SM3 X,F + 2B — 2XB + F

SM4 2X,F+28 — X,F+X,S+F+S
SM5 X,S + 2B — 2XB + S

SM6 2X,S +2F — X,F +X,S + F+ S

“ All reactions were performed by LAG with 5 pL of ethanol, educts
were milled in a 10 mL stainless steel jar with two 7 mm stainless
steel ball bearings and milled for 5 at 30 Hz. These reactions are
replicated (i.e., same quantities of educts) for cocrystallization by
milling for 90 minutes and from solution (N.B. cocrystallization from
solution used 5 mL of ethanol, see text for details). ” Limiting
reagents are in italics.

220 | CrystEngComm, 2023, 25, 213-224

the coformer of highest affinity for PCC formation in this
series. Furthermore, the thermodynamic stabilities and AHC
of X,F and X,S are very similar, meaning that both will form
in either CM or SM reactions. This complete set of results
indicates that (i) reactions proceed quantitatively (ie., X
reacts to completion in the presence of the appropriate
amount of coformer) and (ii) the affinity of the coformers for
forming a PCC with X can be ranked in terms of the
enthalpies of cocrystallization for each system, as AHRC <
AHSC =~ AHSC. These data seem to point toward the
possibility of quantitatively assessing the relative enthalpies
of cocrystallization of the PCCs under mechanochemical
conditions.

3.5 Theoretical enthalpies of Cocrystallization

We conducted a preliminary investigation of the relationships
between theoretically calculated values of AH“C to those
assessed experimentally through the outcomes of CM and SM
reactions. Dispersion corrected plane-wave DFT geometry
optimizations (DFT-D2*, see ESI} S1 for additional details)
were, thus, performed on crystal structures of X, B, F, S, XB,
X,F, and X,S, to obtain static lattice energies, which were
used to calculate AH®C from the equation:

AHCC(MaNh) = Htot(MaNb) - [aHtot(M) + thot(N)] [1]

This journal is © The Royal Society of Chemistry 2023
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where Ho(MNy), Hio(M), and bH,(N) are the static lattice
energies for the crystal structures of the PCC, API, and
coformer, respectively. As expected, the theoretical AH®C are
all negative (Table 3), which indicates that the formation of
each PCC is thermodynamically favourable; however, they are
ranked as AHZS, < AHYSG < AHyg, which stands in contrast
to the ranking obtained from the CM and SM reactions, AHg
< AHYG ~ AHY.

It must be kept in mind that such DFT calculations of
lattice energies are relatively crude, since they do not take the
temperature into account, only provide an approximation of
these energies at absolute zero, and do not account for
metastable crystalline forms.”*™® Part of the disagreement

Table 3 DFT-D2* enthalpies of cocrystallization

Enthalpies of cocrystallization®

Compound (k] mol™)
XB -5.01
X,F -8.91
X,S -11.08

¢ Static lattice energies obtained from DFT-D2* calculations were
computed from refinement of crystal structures of X, B, F, and S, and
of cocrystals of XB, X,F, and X,S, acquired at room temperature (283-
300 K) and 100 K, respectively.

This journal is © The Royal Society of Chemistry 2023

may, thus, arise from our calculations performed on models
based on crystal structures acquired at different temperatures
(i.e., crystal structures of X, B, F, and S, were acquired at
between 283 and 300 K, whereas those of XB, X,F, and X,S,
were acquired at 100 K). This can be demonstrated through
geometry optimizations of models based on crystal structures
of B and S, which were acquired 120 K, 150 K, and 180 K
(Table S10%). For both B and S, lower temperature structures
are associated with lower static lattice energies, which results
in higher enthalpies of cocrystallization. Finally, it may be
useful to redetermine the crystal structure of XB at room
temperature because of deviations from our experimental
NMR results (i.e., the crystal structure features a Z' = 2 with
two nearly identical chloride ions that are not observed
experimentally).**

To obtain meaningful theoretical enthalpies of
cocrystallization, calculations should ideally be performed on
crystal structures of both educts and products acquired at the
same temperature. In situations where this may not be possible
it may prove useful to conduct calculations that involve (i)
incorporation of a flexible unit cell to accommodate for the
effects of temperature, (ii) variation of density functionals and
benchmarking of semi-empirical dispersion corrections to
improve the accuracy of a calculation, and (iii) the use of
Monte-Carlo simulated annealing routines to provide a basis of
low-energy starting structural models.

CrystEngComm, 2023, 25, 213-224 | 221
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4. Conclusions

We have demonstrated that CM and SM reactions, which
proceed quantitatively, provide a rapid and reliable means of
assessing coformer affinity and PCC stability for three PCCs
of X. Characterization of the products of CM and SM
reactions reveals that PAC cocrystallization affinities are
ranked as B > F = S and PCC stabilities are ranked as XB >
X,F =~ X,S. Analogous extended milling and SE reactions
yielded similar results, suggesting that we can rank the
enthalpies of cocrystallization as AHyy < AHYG ~ AHS.
Furthermore, our results from SM reactions show the partial
or complete “exchange” of one coformer for another, a sort
of solid-state extraction or exchange This may be useful in the
future discovery and synthesis of novel PCCs, providing an
alternative synthetic pathway via coformer exchange.

Characterization of reaction mixtures using multinuclear
SSNMR and pXRD is crucial for identifying and quantifying
the educts, products, and potential impurities. >>Cl SSNMR is
especially useful in this regard, yielding integrated intensities
that approximately correspond to the relative quantities of
chloride ions in each solid form, provided that 75'(**Cl)
constants can be measured (N.B.: in cases where 75 (*°Cl)
constants show variation, calibrations relating intensities and
transverse relaxation decays can be conducted). Of course,
knowledge of reaction stoichiometries and absence of
impurities are useful in supporting these relationships.

DFT-D2* methods were used to calculate the enthalpies of
cocrystallization for PCCs of X, which were found to be
inconsistent with our experimental results. However, the
differences in the calculated enthalpies are on the order of 6-
10 kJ] mol™, meaning that factors such as temperature,
choice of density functional and semi-empirical dispersion
model, and/or structural model can drastically alter these
results. This is beyond the scope of the current work and we
plan to address this in future studies.
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