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Abstract: Selecting a suitable co-former is the most important aspect of co-crystal design. Several
knowledge-based, computational, and experimental techniques are available to guide the search for
novel co-crystals. However, most are based on complex methodologies, are not readily accessible, and
demand high computational costs. Moreover, when used solely, they do not guarantee that co-crystals
with the predicted structures will form. In this work, a step-by-step approach towards co-crystal
screening involving well-established knowledge-based methods and commonly available analytical
techniques is illustrated using salicylic acid-benzamide co-crystal as a model system. The approach
quickly and reliably predicted the formation of stoichiometrically diverse co-crystals between salicylic
acid and benzamide. The thermodynamic formation functions necessary to understand the nature of co-
crystallization were estimated for salicylic acid-benzamide (1:1) co-crystal using a predictive model
based on the melting point and sublimation thermodynamic data. The formation of the co-crystal was
found to be endothermic and entropy-driven.

Keywords: co-crystal; co-former; screening; synthon; ApKa rule; mechanochemistry; formation
thermodynamics.
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1. Introduction

Organic compounds can exist in crystalline and amorphous forms (Figure 1). For
commercial applications, crystalline forms are preferred over amorphous forms due to their
better stability, handling, and storage characteristics during various manufacturing stages. In
the pharmaceutical industry, almost 80% of the active pharmaceutical ingredients (APIs) are
manufactured in crystalline form except in some circumstances where using an amorphous
form is desirable, such as for improving solubility. In recent years, the interest in crystalline
forms has expanded to incorporate single-component as well as multi-component crystals.
Single-component crystals include anhydrous or non-solvated form of an APl and their
polymorphic maodifications. Multi-component crystals comprise an APl with different
intermolecular interactions with another molecule or ion, forming new crystal forms without
affecting the covalent chemistry. This group includes hydrates, solvates, salts, co-crystals, and
combinations. Additionally, polymorphs may also exist for each multi-component crystal [1].

https://biointerfaceresearch.com/ 10f18


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC144.093
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6067-9612

https://doi.org/10.33263/BRIAC144.093

Solid Forms
Crystalline Hydrated/ Solvated Amorphous
— Salts and their
| Polymorphs I
Single Component Muiti Component Anhydrous/ Non Single Component Muilti Component
| L—  Solvated Saits and I
Hydrates / Solvates their Polymorphs Hydrates / Solvates
Anhydrous/Non -~ o ¥ Anhydrous/ Non
Solvated Form and Bohiited Meni
their Polymorphs - saits
Salts Cocrystals of Salits +
[~ their Polymorphs, =
Solvates and Hydrates
Cocrystals — Cocrystals

Hydrated / Solvated
fe  Cocrystals and their
Polymorphs

Anhydrous/ Non
W= Solvated Cocrystals
and their Polymorphs

Figure 1. Different solid forms (adapted with permission from [2]. Copyright 2012 American Chemical
Society.)

The vast majority of APIs demonstrating promising pharmacological properties in the
early drug development stages are plagued by poor physico-chemical properties, such as poor
stability, low aqueous solubility, low bioavailability, etc. These APIs consequently fail as novel
chemical entities (NCE) for a number of clinical reasons. Additionally, due to their poor
physico-chemical characteristics, the therapeutic potentials of these APIs could not be realized.
Solid-state chemists respond to this situation by either screening an appropriate polymorphic
form of the API or creating multi-component crystals such as its solvates, hydrates, and, more
recently, co-crystals. While polymorph screening is a laborious and time-consuming operation,
using solvates in the pharmaceutical industry is strongly discouraged since the organic solvent
residue may harm human health. Hydrates also have several manufacturing and storage issues
and are known to be less bioavailable compared to their anhydrous counterparts. The most
popular method currently employed to alter the physico-chemical characteristics of an API is
its salt formation. It is estimated that over half of the medications currently available in the
market are in the salt form. However, a significant drawback of this strategy is that the API
needs to have an appropriate (basic or acidic) ionizable site [3]. Co-crystallization presents a
different strategy by which an API can potentially be co-crystallized, regardless of whether it
contains basic, acidic, or ionizable groups. Another striking aspect of this strategy is the use of
‘co-formers’, which are basically FDA-approved, safe, food or pharmaceutical-grade additives
with a variety of options to choose from [3]. The main advantage of synthesizing co-crystals is
that along with the retention of the pharmacological properties, the physicochemical properties
of the API can be improved by the incorporated co-former. The type of improvement is
determined by the type of co-former selected.

The selection of a suitable co-former is the most important aspect of designing co-
crystals, and it is usually done using either knowledge-based methods, computational
approaches, or experimental methods. The most common knowledge-based methods utilized
by researchers include hydrogen bonding propensity (HBP) evaluation [4], supramolecular
synthon approach [5], molecular complementarity analysis using Cambridge structural
database (CSD) [6], pKa rule [7], Hansen solubility parameter [8], etc. Computational
approaches include ab initio molecular dynamic methods [9], machine learning models [10],
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the use of artificial neural networks [11], lattice energy calculation [12] etc. In experimental
methods, ‘Hit and Trial” approach is employed with a variety of co-formers for the target API
[13].

The experimental method of co-crystal screening is laborious, costly, and time-
consuming. On the other hand, the prediction of co-crystal formation using a knowledge-based
approach and computational methods is relatively fast and provides valuable information to
guide the search for new co-crystal. However, these prediction methods have their own
limitations and, when used solely, do not guarantee that co-crystals with predicted structures
would form [14]. Moreover, the majority of these methods are based on complex
methodologies, are not readily accessible, and demand high computational costs [15]. Thus,
the interest in fast, greener, and reliable methods for screening new co-crystals has grown, and
these methods can be performed with a small sample and commonly available methods. In this
regard, well-established methods such as the identification of functioning supramolecular
synthon [16, 17, 18], the 'pKa rule' [7,19], mechanochemical co-crystallization [20,21], solid-
state analysis using differential scanning calorimetry (DSC) [22,23] and infrared spectroscopy
(IR) [24] have shown to provide quick and effective evidence of co-crystal formation. A
combination of these knowledge-based and experimental methods can be used to direct the
search for novel co-crystals more reliably and efficiently.

After a successful co-former screening, the co-crystal is synthesized and primarily
examined from a structural standpoint only. The studies on different thermodynamic aspects
of co-crystals necessary for understanding their formation, stability, and dissolution are
relatively scarce. Let us consider that n moles of co-former, A (host API) and m moles of co-
former, B (guest molecule), combine to form co-crystal, C according to the reaction:

nA +mB — AnBm=C (1)

The fundamental property governing the thermodynamic stability of co-crystal at a
specific temperature, T is Gibbs energy of co-crystal formation (A¢G¢)

A¢Ge = AfHe — TAS: = GE — G5 — G (2)
where A;H_ and TA,S, are the enthalpic and entropic contributions respectively.

A negative value of formation Gibbs energy (A¢G. = —ve) signifies that co-crystal, C
is the stable phase with respect to a 1:1 mixture of its co-formers A and B at temperature T
[25].

Many times, due to a lack of experimental techniques and computational cost, the
calculation of A¢G is not realized. The majority of work on thermodynamic aspects of co-
crystals involves a calculation of computationally inexpensive lattice energy and formation
energy (AfEc = Ef — (Efawe + EB)). Under ambient conditions, the energy of formation is
approximately equal to the enthalpy of formation (A¢E; = A¢H¢). Correlating A¢E: with co-
crystal stability assumes that enthalpy is the major component of A¢G. and the main driving
force of co-crystallization. Nevertheless, entropically driven co-crystallization is also possible,
as demonstrated by celecoxib-nicotinamide co-crystal [26]. Moreover, the literature claims that
entropy determines the formation process of every third co-crystal [27]. Consequently, the
study can provide a better understanding of the nature of co-crystallization, which includes
information on all three formation thermodynamic functions [28]. In this regard, a predictive
model developed by German L. Perlovich to estimate the formation thermodynamic
characteristics of co-crystal can be useful [29-31]. A unique feature of this approach is that it
requires the knowledge of the melting points of co-formers and co-crystal, which can be
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quickly determined using routine DSC experiments whereas the necessary sublimation
thermodynamic data of co-formers can be obtained by fitting vapor pressure data to the Clark-
Glew equation [32].

In this work, a step-by-step approach towards co-crystal screening is elaborated using
salicylic acid (SA) and benzamide (BZD) co-crystal systems. Salicylic acid [C7HsO3; CAS
Registry No. 69-72-7; Figure 2a] belongs to the class of drugs known as salicylates and is used
to treat many skin disorders such as acne, dandruff, psoriasis, seborrheic dermatitis, corn, warts,
etc. Benzamide [C7H7NO; CAS Registry No. 55-21-0; Figure 2b] and its derivatives also
possess different kinds of pharmacological activities like antimicrobial, analgesic, anti-
inflammatory, anticancer, cardiovascular, and other biological activities [33]. Two co-crystals
of salicylic acid and benzamide (SA:BZD) involving stoichiometric diversity have been
reported in the literature, i.e., SA:BZD (1:1) [34] and SA:BZD (1:2) [35]. In the second part of
this work, the thermodynamic characteristics of SA:BZD (1:1) co-crystal is estimated by the
approach proposed by Perlovich, which to the best of our knowledge, has not been previously

attempted for this co-crystal.
O OH 0]

OH
NH,

(a) (b)
Figure 2. (a) Molecular structure of SA (C;H¢O3); (b) molecular structure of BZD (C;H;NO).

For the estimation of the formation thermodynamic of co-crystals by Perlovich’s
approach, the knowledge of the melting points (Tsus) of co-crystals and their co-formers as well
as sublimation thermodynamic functions of co-formers, is important. Melting point
determination can be easily carried out by the routine DSC experiment. The thermodynamic
functions of sublimation can be obtained by fitting the experimental vapor pressure (p) vs
temperature (T) data to the Clarke-Glew equation of the type:

g o

RIn (pﬂ) = 20O 4 A8 @) -2 +256n@ () -1+m ()| @)

where p is the vapor pressure at the temperature T, P” is the selected reference pressure,
R is the molar gas constant, A% G.,(8) and A8.H,, () are the standard molar Gibbs energy and
enthalpy of sublimation, respectively, at the selected reference temperature, 6 and Afngjm (©)
is the difference between the constant pressure standard molar heat capacity of gaseous phase
and crystalline phase of the given compound at the reference temperature, 6. The advantage of
Equation 3 is that the required sublimation thermodynamic functions can be directly obtained
as fitting coefficients [36,37]. In this work the reference values are: P* = 10° Pa, = 298.15 K,
R =8.31447 J-K*-mol ™,

The relationship between vapor pressure (p) and temperature (T) is described by
Antoine equation of the type:

Inp =A4-— L (4)

Where A, B, and C are Antoine coefficients. The vapor pressure in the given

temperature range can be calculated if the Antoine coefficients are known.
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The heat capacity adjustment A% pm(e) is required in Equation 3 to adjust the
sublimation thermodynamic function to 298.15 K. For this, the heat capacity of crystalline and
gaseous phases of the compound is required, which is not readily available. The estimation of

A% pm(e) is thus performed by the empirical equation derived by Chickos et al. [38] of the
type:
AE.Cpm(0) = —[0.75 + 0.15 Cp , (Cr)] ] - K™% - mol ™ (5)

where C;,m(Cr) is the constant pressure heat capacity of the crystalline phase of the
compound at 298.15 K.

For the purpose of subsequent calculations, the sublimation thermodynamic function
(A2.G(8) and AS.H ;;,(e)) obtained by Equation 3 at the specified reference values will be
denoted as AGZ38and AHZJE respectively.

Accordlng to the I|terature, there is a linear relationship between AGZ38 and Ty, for the
structurally similar compounds as per the Tanimoto similarity coefficient. Regardless of the
stoichiometry, the two-component co-crystal can be regarded as structurally equivalent to its
individual co-formers. In other words, the experimental values of AG2)S vs Ty, for both co-
formers and the co-crystal correspond to one and the same cluster. Thus, if the AGZ%8 and
Tt,s Of both the co-formers are known, the coefficients of the linear regression, D and E can be
obtained from the equation:

AGSZ&? =D+ E - Tqys (6)

The sublimation Gibbs energy of the co-crystal, AGZJE(CC) can be calculated using

coefficients D and E, if the melting point of the co-crystal, T¢,s(CC) is known.
AGZR(CC) = D + E - Tgy5(CC) (7

For the co-crystal of the type (AP1)n(CF)m, the sublimation Gibbs energy of the physical
mixture AG2JE(PM) can be calculated from the equation:

AGZs (PM) = X; - AGZ (APD + X, - AGL (CF) 8

Here for the purpose of differentiating the co-formers, they are being denoted as API
and CF. X1 = n/(n+m), X2 = m/(n+m), AGZ8(API) and AGZJE(CF) respectively are the
sublimation Gibbs energies of API and co-former.

The formation Gibbs energy of co-crystal can now be calculated from the equation:

AGF*®(CC) = AGET (CC) — AGZTE (PM) 9)

The sublimation enthalpy of co-crystal can be calculated from the linear dependence
between AG2E and AHZJ® (compensation effect).

Aagfg =F+L-AHZS (10)
The sublimation enthalpy of the co-crystal, AHZ¥(CC) can be calculated using
coefficients F and L and AG238(CC), calculated previously.
AHZE (CC) = (AGZL (CC) = F)/L (11)
The sublimation enthalpy of the physical mixture AHZ2%*(PM) is calculated as:
AHZIE (PM) = Xy - AHZ (APD) + X, - AHZE (CF) (12)
Where AHZJE(API) and AHZ8(CF) are the sublimation enthalpies of API and co-

former, respectively. The enthalpy of co-crystal formation can now be calculated from the
equation:
AHF?*(CC) = AHgy (CC) — AHG [ (PM) (13)

The entropy term is calculated as:
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TASF®(CC) = AHF?®(CC) — AGF*®(CC) (14)
2. Materials and Methods

2.1. Materials.

Salicylic acid (CDH, Purity — 99%, Mol. Wt. -138.12 g-mol?), Benzamide (Loba
Chemie, Purity — 98%, Mol. Wt. — 121.14 g-mol™) and Ethanol (CSS Reagent, Purity — 99.9%)
were used as received.

2.2. Methods.
2.2.1. Preparation of SA:BZD (1:1) physical mixture.

A 1:1 physical mixture of SA and BZD was prepared by carefully weighing equimolar
amounts of both compounds, followed by gently mixing using mortar and pestle.

2.2.2. Preparation of SA:BZD co-crystals.

SA-BZD co-crystals were prepared by both liquid-assisted grinding (LAG) and solvent
evaporation methods. In LAG, the calculated amount of SA and BZD were carefully weighed
to achieve a 1:1 and 1:2 molar ratio. The compounds in the molar ratio were then manually
ground using mortar and pestle with the addition of 500 ul of ethanol at regular intervals using
a micropipette.

The synthesis of co-crystals using the solvent evaporation method was performed as
given in the literature. The compounds were carefully weighed in the required molar ratio (1:1
and 1:2) and were then dissolved in ethanol with slight warming in order to achieve complete
dissolution. The solutions were then filtered and allowed to evaporate slowly at room
temperature. Crystals were formed over the course of 1 month.

2.3. Detection methods.

DSC analysis on salicylic acid, benzamide, physical mixture, and co-crystals was
performed on Perkin ElImer DSC 6000. DSC was calibrated using certified zinc and indium
reference materials. 2 to 6 mg of grounded samples were weighed and sealed in non-hermatic
aluminum pans. Analysis was done at the heating rates of 1 and 5 K/min under dry nitrogen
atmosphere with a flow rate 20 ml/s.

Infrared spectra of the co-former and synthesized co-crystals were directly collected on
Perkin Elmer Spectrum Two™ spectrometer using Attenuated total reflection (ATR) without
any further preparation. The spectrum was recorded in the range of 4000-500 cm ™. The spectra
obtained were interpreted for the presence of characteristic peaks.

Powder X-ray diffraction (XRPD) pattern of SA:BZD (1:1) co-crystal was collected on
Bruker D8 Advance diffractometer (Cu Ka : A = 1.54060 A, 40 kV, 40 mA). The scanning was
done at a 20 range of 5 to 40 with a step size of 0.05°

2.4. Data analysis.

The fitting of the experimental vapor pressure (p) vs. temperature (T) data to the Clarke-
Glew equation was performed on Origin by user defined non-linear curve fit. The calculation
of formation thermodynamic functions for SA:BZD (1:1) co-crystal was performed on MS
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Excel. The SA-BZD co-crystal structure visualizations were performed on Mercury software
using a crystallographic information file (CIF) retrieved from CSD.

3. Results and Discussion
3.1. Co-crystal screening.
3.1.1. Identification of functioning supramolecular synthons.

In crystals, the structural units created by intermolecular interactions are known as
supramolecular synthons. G.R. Desiraju, in 1995, defined the term supramolecular synthon as
“structural units within supermolecules which can be formed and/or assembled by known or
conceivable synthetic operations involving intermolecular interactions” [39]. M. Zaworotko
expanded the idea of a supramolecular synthon into two different subcategories.

I. Supramolecular homosynthon: It results from the interaction between molecules with a
similar self-complimentary functional group such as acid-acid dimer, amid-amide
dimer, etc.

ii. Supramolecular heterosynthon: It results from the interaction between molecules with
different but complimentary functional groups such as acid-amide, acid-pyridine,
amide-pyridine, etc.

Suppose distinct and recognizable intermolecular interactions repeatedly arise for the
given API and associated co-formers. In that case, they can be considered a functioning synthon
and can provide a way to do co-crystal synthesis with a high level of reliability [16, 17, 18]. A
CSD search reveals that the acid-amide is the most distinct and recognizable intermolecular
interaction that frequently occurs for salicylic acid co-crystals (33% occurrence). Acid-amide
interactions can occur in different ways, but the acid-amide heterodimer is the one that occurs
in the majority of cases. Table 1 lists the co-crystals of salicylic acid and the applicable
synthons. The acid-amide heterodimer synthon has been used extensively in crystal
engineering due to the presence of strong and highly directional N-Heeee«O=C and
O-Hee+++O=C hydrogen bonding interactions [40].

(@) (b)
Figure 3. Hydrogen-bonded acid-amide dimer in (a) SA-BZD (1:1) co-crystal; (b) SA-BZD (1:2) co-crystal.

In SA-BZD co-crystal, the primary structural unit is an acid-amide dimer established
through hydrogen bonding (Figure 3). However, the occurrence of synthons cannot guarantee
the formation of co-crystals. In the two independent studies conducted on acid-amide dimer
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synthon, the influence of electron-donating and electron-withdrawing substituents on the acidic
and basic characteristics of acid and amides, respectively, have been discussed [40,41]. Apart
from the hydrogen-bonded dimer, the additional interactions within the crystal lattice can also
favor co-crystal formation.

3.1.2. Selection of potential co-formers.

After identifying the prominent functioning synthons, the potential co-formers with
complementary functional groups are searched. Benzamide as a co-former satisfies these
criteria due to its capability to participate in prominent acid-amide interaction frequently
observed for salicylic acid co-crystals. Secondly, the basic aim of co-crystallization of an API
is to improve its physico-chemical properties. The solubility of salicylic acid is very low in
water (2.2 g/l), which can affect its formulation and application. Benzamide, on the other hand,
is fairly soluble in water (13 g/l). The solubilization of pharmaceutical co-crystal composed of
poorly aqueous soluble API and water-soluble co-former involves three stages: (i) breaking of
intermolecular bonds in co-crystal, (ii) breaking of intermolecular bonds in the solvent and (iii)
formation of intermolecular bonds between co-crystal molecules and solvent molecules. It has
been demonstrated that in the aqueous condition, the limiting step for the dissolution of poorly
soluble API is solvation rather than it’s breaking away from the co-crystal lattice. The co-
former appears to reduce the solvation barrier of the poorly soluble API co-crystal to a level
proportionate to the pure co-former. Hence, co-crystal solubility is related to co-former
aqueous solubility [42]. Also, as previously discussed, benzamide and its derivatives have some
antimicrobial activity that, when combined with salicylic acid, can be used to effectively
manage skin-related disorders where monotherapy with salicylic acid or benzamide alone does
not provide the desired result. SA-BZD co-crystal thus appears to offer an attractive proposition
for combination therapy and to improve the solubility of poorly water-soluble salicylic acid.

3.1.3. Application of ApK, rule for the identification of potential co-former:

The selected co-former will form salt or co-crystal with the given API, which is
determined by the proton transfer. In the formation of salts, proton transfer is a distinct feature,
whereas in the co-crystals, the proton is likely to be shared rather than transferred. It is generally
accepted that an acid and a base will react to form salt if [ApKa = pKa (protonated base) — pKa
(acid)] > 3.75. This ApKa rule is the result of years of experience gained in salt formulation
within the pharmaceutical sector [7]. An extension to this rule for co-crystals containing acid-
base pairs was proposed by Nangia et al. [43]. According to it, co-crystal formation will nearly
always occur if the pKa difference between the acidic and the basic components is less than 0.

[ApK, = pK,(protonated base) — pK,(acid)] < 0 (15)

ApKa value greater than 3.75 (ApKa > 3.75) will result in salt; however, if the value lies
between 0 and 3.75 (0 < ApKa < 3.75) the formation of salt or co-crystal cannot be accurately
predicted. In this ApKa region (0 < ApKa < 3.75), the position of the acid proton is significantly
affected by the crystal structure of the complex, making it difficult to determine the proton
position experimentally. Cruz-Cabeza derived a linecar relationship between ApKa and
probability (Pobs) Of co-crystal and salt formation in the ApKa range -1 < ApKa < 4 [7]. The
probability for acid and base to form co-crystal (AB) and salt (A-B+) can be estimated by the
following equations:

Pops(AB, %) = —17 * ApK, + 72 (16)
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Pybs(A — B+,%) = 17 = ApK, + 28 (17)
Table 1. ApK; Rule and Cruz-Cabeza model applied on representative salicylic acid co-crystal with applicable
synthons.

Co-crystals of Salicylic acid CSD lIdentifier Synthon ApKa | Pobs (AB, %) | Pobs (A'B*, %)
Salicylic acid-Ethionamide 1958233 Acid-Pyridine 221 34.43 65.57
Salicylic acid-Theophylline 655945 Acid- Imidazole -3.57

Salicylic acid-Benzamide 756492 Acid-Amide -3.99

Salicylic acid-Isonicotinamide 1060737 Acid-Amide 0.66 60.78 39.22
Salicylic acid-Fluconazole 846646 Acid-Triazole -0.49 80.33 19.67
Salicylic acid-Salicylamide 1545141 Acid-Amide -3.76
Salicylic acid-Temzolomide 881201 Acid-Amide -6.39

Salicylic acid-Antipyrine 1103434 Acid-Pyrazolone -2.30
Salicylic acid-Meloxicam 819113 Acid-Sulfathiazole -2.32
Salicylic acid-Lenvatinib 2008776 Acid-Pyridine 2.61 27.63 72.37
Salicylic acid-Caffeine 704929 Acid-Imidazole -3.99
Salicylic acid-Benznidazole 1563944 Acid-Imidazole -2.59
Salicylic acid-Isonicotinohydrazide 847204 Acid-Pyridine 0.56 62.48 37.52
Salicylic acid-Nicotinamide 767113 Acid-Amide 0.84 57.72 42.28
Salicylic acid-Tinidazole 1960462 Acid-Imidazole 0.49 63.67 36.33

pKa : (Salicylic acid) = 2.79, (Ethionamide) = 5, (Theophylline) = -0.78, (Benzamide) = -1.2, (Isonicotinamide)

= 3.45, (Flucanazole) = 2.3, (Salicylamide) = -0.97, (Temozolomide) = -3.6, (Antipyrine) = 0.49, (Meloxicam) =

0.47, (Lenvatinib) = 5.4, (Caffeine) = -1.2, (Benznidazole) = 0.2, (Isonicotinohydrazide) = 3.35 (Nicotinamide)
= 3.63, (Tinidazole) = 3.28

pKa values are derived from an aqueous environment, and using these values to make
predictions for the potential proton transfer in solid-state can be impacted by the significant
change in the solvation environment. Analysis of crystal structures from CSD has shown that
when ApKa is sufficiently negative (<—1) or sufficiently positive (> +4), the influence of the
change in environment is unlikely to alter the prediction of salt/co-crystal formation using ApKa
rule. However, in the intermediate ApKarange (-1 < ApKa < 4), thermodynamic preferences for
the proton transfer is strongly dependent on the solvation environment.

The values of ApKa calculated from Equation 15 for different co-crystals of salicylic
acid are compared in Table 1. In the majority of cases, it was found that the value of ApKa was
sufficiently negative (ApKa < - 1), corresponding to the successful formation of co-crystals in
these cases (53% occurrence), including SA-BZD co-crystal. In the intermediate ApKa range
(-1 <ApKa < 4), the probability for the formation of co-crystal over salt, according to Equations
16 and 17 was higher for 5 out of 7 co-crystal systems (71% occurrence). Thus, overall, ApKa
rule was able to predict the formation of co-crystals of salicylic acid successfully.

3.1.4. ldentification of co-crystal forming ability of APl and co-former using Differential
Scanning Calorimetry (DSC).

When heated, many organic binary mixtures form an eutectic melt. Eutectic melt, in
turn, can produce co-crystals. Lu et al. hypothesized that when organic binary mixtures capable
of forming eutectic are heated in DSC past the eutectic temperature, co-crystal formation can
be easily facilitated [44]. In a typical DSC thermogram of eutectic forming a binary mixture,
the appearance of an endothermic peak, followed by an exothermic peak corresponding to
eutectic melting and crystallization of co-crystal from the melt, respectively, can be observed.
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The appearance of an exothermic peak in the DSC profile is key evidence for the formation of
co-crystal. An endothermic peak corresponding to the melting of co-crystal is also observed in
DSC thermogram. Zhang et al., based on their observations, proposed three models: Model A,
which states that the appearance of three endotherms and two exotherms indicates co-crystal
formation with stoichiometric diversity; Model B, which states that the appearance of two
endotherms and one exotherm indicates co-crystal formation with a specific molar ratio; and
Model C, which states that the appearance of one endotherm indicates no co-crystal formation.
The use of slow heating rates is preferable to clearly differentiate the peaks associated with
thermal events [45].

The DSC thermogram of SA:BZD (1:1) physical mixture (Figure 4a) is in accordance
with Model A proposed by Zhang et al., where three endotherms peaks (a, ¢, €) and two
exothermic peaks (b, d) can be observed. The thermogram obtained using 5 K/min heating rate
was not able to differentiate the first two endothermic peaks (Figure 4b). In Figure 4a, Peak (a)
corresponds to the eutectic melt at Tme = 378 K. Peak (a) is followed immediately by the
crystallization of eutectic melt (peak (b)), which indicates the potential co-crystallization of a
certain stoichiometry that subsequently melts (peak (©) at
Ts = 380 K. Peak (c) is followed by the crystallization of melt (peak (d)) that corresponds to
the formation of co-crystals of different stoichiometry, subsequently melting (peak (e)) at Tr =
389 K. The observation of new endothermic and exothermic peaks and the disappearance of
peaks due to the melting of co-formers (SA: Tt = 430 K ; BZD: Tr = 397 K) provides strong
evidence for the formation of co-crystals from the physical mixture during heating [22]. Thus,
DSC can be successfully applied to confirm co-crystal formation further. However, it should
be noted that the interpretation of DSC results must be assisted by complementary techniques
such as hot-stage microscopy (HSM) and XRPD. The composition of the eutectic melt can be
determined by studying the variation in the enthalpies of fusion of eutectic melt as a function
of the stoichiometry of the physical mixture (Tamman plot) [46].

O —

Heat Flow Endo Down {mW)
8 Ol
Heat Flow Endo Down (mW)

(e)

T T T T T T
300 320 340 360 380 400 420 44 300 320 340 360 380 400 420 44
Temperature (K) Temperature (K)

(a) (b)
Figure 4. DSC thermogram of SA-BZD (1:1) physical mixture recorded at (a) 1 K/min heating rate showing
three endotherms (peaks a, ¢ and €) and two exotherms (peaks b and d); (b) 5 K/min heating rate.
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3.1.5. Mechanochemical synthesis of co-crystal and its identification using Infrared
Spectroscopy.

Mechanochemistry was recognized by IUPAC as one of the 10 inventions in chemistry
that have the potential to change the world. It was given the moniker "chemical 2.0" as a good
example of a green chemistry technique [14]. Mechanochemistry can also be utilized as an
effective method for co-crystal preparation [21]. The simplest example of mechanochemical
co-crystal formation is neat grinding, where two or more components are ground together.
However, there are several examples where neat grinding results in incomplete reactions and
non-accessible co-crystals. Liquid-assisted grinding (LAG) is an alternative to neat grinding,
where mechanochemical productivity has been shown to increase significantly by adding a
small amount of solvent. This approach has been helpful and convenient for obtaining co-
crystals quickly compared to the solvent evaporation method.

i

A ‘ B

Figure 5. Illustration of mechanochemical synthesis of co-crystal and its identification using infrared
spectroscopy.
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Figure 6. FTIR spectra of SA-BZD co-crystal system: (a) SA; (b) BZD; (c) SA-BZD (1:1); (d) SA-BZD (1:2).

4000 500

The possible co-crystallization can then be confirmed by IR spectroscopy by comparing
the IR spectra of pure co-formers with that of potential co-crystal samples formed by new
hydrogen bonding between the two co-formers. The most noticeable are the peaks associated
with the vibration of hydrogen bond donor and acceptor groups located in the functional group
region of IR spectra. If there is a shift of these peaks relative to those of pure co-formers, it can
be attributed to the hydrogen bond formation in the new co-crystal [47]. The vibration of
hydrogen bond (DonorHeesssAcceptor) can also be found in IR spectrum. However, as these
bonds are weak, their absorption peaks are typically located in the complicated fingerprint
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region, where, due to the nature of the compounds studied, the assignment becomes very
difficult [48].

SA:BZD (1:1) and SA:BZD (1:2) co-crystals prepared by manual liquid-assisted
grinding were analyzed by IR spectroscopy, as illustrated in Figure 5. The IR spectra of pure
co-formers and co-crystals in the region 4000 to 500 cm™ are represented in Figure 6. It was
found that the characteristic IR peaks of the co-crystals (vou, Vnn,, Vc=0, nn,) €xhibited a
shift to lower wavenumber compared to the pure co-formers (Table 2). This suggests that
Acid-amide hydrogen bonding interactions in co-crystals are more stable and strong than acid-
acid and amide-amide hydrogen bonding interactions in salicylic acid and benzamide.

Table 2. FTIR major band assignment of SA-BZD co-crystal system.

Sample VoH VNH, Vc=0 Onw,
SA gg;g - 1654 -

BZD - 2?2; 1654 1618

SA-BZD (1:1) 2%2 2582 1654 1608

SA-BZD (1:2) 342:2’036396 iigg 1657 1607

3.2. Synthesis of co-crystals using the solvent evaporation method.

SA-BZD (1:1) and SA:BZD (1:2) co-crystals were also synthesized using the solvent
evaporation method. The obtained co-crystals were characterized by IR spectroscopy and DSC.
The co-crystals obtained using the solvent evaporation method and liquid-assisted grinding
were found to have identical IR spectra (Figures 7a and 7b). The melting points obtained for
both the co-crystals using DSC were also identical to the endothermic events observed during
the heating physical mixture (Figure 7c), thus providing conclusive evidence for the formation
of stoichiometrically diverse SA-BZD co-crystals.

The thermodynamics of co-crystal formation was studied on SA-BZD (1:1) co-crystal.
The experimental powder diffraction data collected on the co-crystal prepared by the solvent
evaporation method was identical to the simulated diffraction pattern obtained from CIF
(Figure 7d), confirming the phase purity.
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Figure 7. FTIR spectra of SA-BZD co-crystal prepared by Liquid assisted grinding (colored) and solvent
evaporation (black) for (a) SA-BZD (1:1); (b) SA-BZD (1:2); (c) DSC thermogram of co-formers and SA-
BZD co-crystals; (d) comparison of experimental powder diffraction pattern with the simulated pattern for

SA:BZD (1:1) co-crystal.

3.3. Formation thermodynamics of SA:BZD (1:1) co-crystal.

T T T
35 40

The formation of the thermodynamic functions of SA:BZD (1:1) co-crystal was
estimated using the approach put forward by Perlovich. The necessary equations required for
this estimation have been discussed in the theory section. The Antoine coefficients and the
sublimation thermodynamic functions obtained as coefficients of Clarke-Glew fit (Figure 8)

are given in Table 3.
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Figure 8. Calculated In p vs 1/T data using Antoine equation (e) and the fitted Clark-Glew equation (—) for
(a) Salicylic acid (T = 368 — 408 K); (b) Benzamide (T = 325 — 342 K).

0.00310

Table 3. Derived values and sublimation thermodynamics functions of salicylic acid (SA) and benzamide

(BZD).
c Antoine Coefficients # (Eq. 4) | Chickos et.al (Eq. 5) Clarke-Glew Fit (Eq. 3) *
o- s s s
former A B C A& Com(6) AceGm (6) AceHin (8) R?
J-K*-mol? kJ-mol? kJ-mol?
SA 34.50 | 11440.85 0 -24.89 38.414+0.005 97.347+0.021 0.9999
BZD 33.84 11657.75 0 -23.82 41.614+0.001 97.767+0.014 0.9999

#The Antoine coefficient obtained from reference 49 for log base 10 formula was converted for natural log
formula using the Environmental Model free tool ; * 8 = 298.15 K, p° = 10° Pa and R = 8.31447 J-K'1-mol*
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The melting points of co-former and co-crystal, the fitting coefficients, and the
sublimation thermodynamic functions of SA-BZD (1:1) co-crystals and physical mixture are
listed in Table 4.

Table 4. Melting points, coefficients of linear regression and sublimation thermodynamics of 1:1 co-crystal and
physical mixture of salicylic acid (SA) and benzamide (BZD).

Coefficients of Eq. 6 & 7 Coefficients of Eq. 10 & 11
- *
Co-former Trus / K D E 3 i
BS?D ggggz 80.334 -0.0975 92.3 0.1314
AGZF(CC) (Eq. 7) AH2%8(CC) (Eq. 11)
A:BZD (1:1 sub sub
SCo-cr s(tal ) 389.73 kJ-mol kJ-mol*!
4 42.336 97.863
SA:BZD (1:1) AGE (PM) (Eq. 8) AHZB(PM) (Eg. 12)
: : o o
Physical Mixture ki-mol kJ-mol
40.014 97.556

*onset temperature of the melting peak obtained from DSC

The estimated formation thermodynamic functions for the SA-BZD (1:1) co-crystal are
given in Table 5.

Table 5. Formation thermodynamic function of SA:BZD (1:1) co-crystal.

SA:BZD (1:1) AGE**(CC) (Eq. 9) AHE®(CC) (Eq. 13) TAS2%8(CC) (Eq. 14)
éo-crystai kJ-mol* kJ-mol kJ-mol
| 2.322 | 0.306 | 2016

The estimated value of AGZ?®(CC) lies within the threshold value of 5 kJ-mol™
(AG#?8(CC) < 5 kJ-mol™?) and meets the criteria of thermodynamically stable co-crystal. This
reservation takes into account the different polymorphic modification available for the co-
former (Benzamide has 4 polymorphs [50]) and the inherent problem in the selection of the
right polymorphs for the calculation for which the sublimation data might not be available. The
AHZ%3(CC) the term was positive and small compared to the TAS??2(CC) term. The estimated
formation thermodynamic functions follow the trend AHZ?® > 0,TASZ?® < 0, |TAS?%8| >
|AHZ8| which accounts for entropy driven process [21]. A similar observation was made in a
study by Seaton et al. where the calculated formation energy and the experimentally obtained
enthalpy of formation of SA:BZD (1:1) co-crystal was found to be positive, indicating that the
co-crystal is unfavoured compared to its co-formers. This was against the observation that both
the co-formers in the co-crystal experience strong intermolecular interactions. Generally, the
enthalpy term is expected to be negative for strong bonding interactions, favoring the co-crystal
formation. The co-crystal's melting point is also lower than that of its co-formers (Table 4),
which corresponds to a low enthalpy of formation. Thus, it was concluded that the crystal was
entropically stabilized [33]. The predictive model developed by Perlovich was, therefore, able
to correctly predict (at least qualitatively) the driving force for the SA:BZD (1:1) co-crystal
formation.

4. Conclusions

In this work, a step-by-step methodology for co-crystal screening is elaborated on using
SA-BZD co-crystal as a model system. The study illustrates the use of the Cambridge Structure
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Database (CSD), the pKa rule, and commonly available analytical techniques such as DSC and
IR to predict the formation of co-crystals successfully. The co-crystals were synthesized using
the method reported in the literature. The melting points determined using DSC and the
sublimation thermodynamic functions calculated using Clarke-Glew fit were used to estimate
the formation thermodynamic functions of the SA:BZD (1:1) co-crystal. In line with the
previous observation on this co-crystal system, the estimated thermodynamic function
qualitatively affirms the co-crystal formation to be entropically driven. Also, as discussed in
the introduction section, this work supports the notion that all three formation thermodynamic
functions should be considered to better understand the nature of co-crystallization. Therefore,
continuous research on prediction methods that can accurately predict co-crystallization from
both structural and thermodynamic viewpoints is essential.
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