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ABSTRACT:

The main objective of this research is to investigate both mechanism and kinetics of solvent
free destabilization of the model caffeine : malonic acid cocrystal (CA:MO 2:1) in presence of
oxalic acid (OX) as a structural competitor to malonic acid (MO). Competitive destabilization
of CA:MO and subsequent formation of caffeine : oxalic acid (CA:0X) takes place at
temperatures significantly below their melting points. Destabilization mechanism was found to
be mediated by sublimation of both CA:MO and OX. During CA:MO destabilization, free CA
could not be detected and direct transformation to CA:OX cocrystal was observed. The
destabilization kinetics follow Prout-Tompkins nucleation and crystal growth model with
activation energy of 133.91 kJ/mol and subsequent CA:0X growth kinetics follow Ginstling —
Brounshtien and 3D diffusion models with activation energy range of 130.45 - 132.57 kJ/mol.



INTRODUCTION

Tracking of chemical reactions that occurs in industry during processing or storage stage is
crucial to understand their nature, which enable controlling them to get the optimum outcome.'
Among these reactions cocrystallization has proven a great potential to improve the
development of pharmaceutical, nutritional, agricultural, and energetic materials.>* Cocrystals
are obtained from the interaction of two or more solid compounds via intermolecular forces
such as hydrogen bonding and aromatic interactions.’ The complexity of handling cocrystals
stems from their multicomponent nature which must be preserved during all processing stages.
However, cocrystal lattice can destabilize in many ways including dissociation, solvation,
polymorphic transformation, and stoichiometric changes. Moreover, these changes can occur
under a variety of processing conditions like temperature, humidity, etc. Additionally, the use
of additives during processing is common in the industry and many of them have been found
to be further interfering with cocrystals, thus complicating their stability.® One of such
interferences involving the additive competing with one of the cocrystal structural component
leading to its replacement by that additive.”® Understanding competitive destabilization of
cocrystals offers crucial information to obtain a robust cocrystal manufacturing process with
common additives or excipients.
Competitive destabilization pathway of two carbamazepine cocrystals at solvent free
conditions was found to vary depending on the sublimation/melting behavior of the
components as well as on the processing conditions. ° Carbamazepine : nicotinamide 1:1
cocrystal (CZ:NT) can destabilize in presence of saccharin (SA) at relatively high temperatures
via eutectic phase resulting in the formation of carbamazepine : saccharin 1:1 cocrystal
(CZ:SA). On the other hand, presence of NT with CZ:SA during neat grinding or at lower
temperatures causes the destabilization of CZ:SA via vapor phase and results in the formation
of CZ:NT. Thermodynamic calculations associated with previous observations show that
eutectic mediated transformation of CZ:NT to CZ:SA can be predicted by fusion enthalpy
differences. Whereas, vapor mediated transformation of CZ:SA to CZ:NT is driven by vapor
pressure differences of components and can be predicted by Gibbs free energy difference of
sublimation.
Previous report showed that solvent free formation of CA:MO or CA:OX cocrystal occurs
when the pure coformer MO or OX reaches enough vapor pressure which enables interacting
with CA.!° Additionally, solvent free grinding of CA:MO 2:1 in presence of OX causes

destabilization of the cocrystal and subsequent formation of CA:OX 2:1. ® These observations



suggest that competitive destabilization of CA:MO cocrystal is likewise mediated by vapor
phase formation.

This paper aims to further investigate the mechanism of CA:MO destabilization in presence of
OX at solvent free conditions and it reports for the first time in-situ monitoring of the reaction
using Raman microscopy and variable temperature powder X-ray diffraction (VT _PXRD).
Thermal analysis using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) was conducted as an initial investigation and to observe thermal behavior of
the cocrystals, their components, and physical mixtures. Then, solvent free competitive
destabilization experiments were conducted using only heat by VI PXRD. Sublimation
apparatus was utilized to identify sublimation outcomes of all cocrystals, and related
components and structural investigation of sublimates and residuals was conducted using
PXRD and Raman analysis. Computational calculations of lattice energies and vapor pressure
measurements were performed for all components. Moreover, the reaction was monitored at
four predetermined temperatures. Subsequently, mechanistic model fitting was performed, and
activation energy was calculated using Arrhenius equation. Additional tracking of
destabilization reaction was carried out visually using hot-stage microscopy to provide further

insights into the process (all method details are available in the Supporting Information, SI).

Thermal analysis thermograms are present and summarized in the SI (Figures S4 — S8, and
Table S2). TGA results showed significant weight loss (ca. 24.7%) from CA:MO cocrystal
consistent with the theoretical content of MO (ca. 21.1%) starting at 122.1 °C below CA:MO
melting point (132.1 °C). Similarly, CA:OX exhibits (8.5%) weight loss starting from 86.0 °C
and significantly below its melting point (208.7 °C). It was confirmed using heat-cool-heat that
it is not a desolvation event. Moreover, the loss on weight is below theoretical content of OX
in the cocrystal (18.8%). Additionally, CA displays a weight loss at 167.2 °C above its phase
transition of B to a form at 144.5 °C and significantly lower than the melting point of its a form
(235.93 °C). ! Likewise, pure OX and MO show weight losses at 120.4 and 129.8 °C below
their melting points at 189.1 and 130.66 °C, respectively. TGA results indicate a potential
sublimation of CA:MO, and CA:OX with sublimation of pure a-CA, MO, and OX being
previously reported '>. DSC thermograms of the physical mixtures (PM) of 2:1 CA+MO and
CA+OX exhibit three endotherms. For CA+MO PM, the endotherms are at 96.1, 130.8, and
236.1 °C related to eutectic formation, CA:MO cocrystal melting, and CA melting,
respectively. In case of CA+OX PM, the endotherms were found at 115.7, 206.4, and 234.2 °C

also related to eutectic formation, CA:OX cocrystal melting, and subsequent CA melting,



respectively. DSC Thermogram of CA:MO + OX shows an endotherm at 92.8 °C coincident
with a weight loss onset of 104.62 °C observed by TGA. This event is suggested to be a
sublimation event where destabilization of CA:MO and formation CA:OX occur. Moreover,
the thermogram shows endotherm at 131.51 °C which can be assigned to the melting of
unreacted CA:MO or MO after being replaced with OX. Two additional endotherms were
observed at 208.05 and 234.86 °C related to melting of formed CA:0X and CA, respectively.

PXRD results show that transformation of stoichiometric CA:MO + OX mixture to CA:0X
started at 60 °C and was completed at 100 °C (Figure 1). Pure CA peaks were not observed
during the transformation, and transformation occurred below both melting point of CA:MO
(132.1°C) and eutectic point of CA + MO (96.1 °C). Additional VT-PXRD experiment was
conducted on pure CA:MO to check its integrity at elevated temperatures, and no dissociation
was observed even at 100 °C. This confirms that destabilization of CA:MO + OX is not

mediated by CA:MO melting and presence of OX triggered the reaction at much lower

temperatures.
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Figure 1. PXRD patterns from bottom to top; (Left): Experimental CA:MO cocrystal,
CA:MO + OX at 25 through 100 °C, and experimental CA:OX cocrystal. (Right): CA:MO
cocrystal maintained isothermally at 25 through 100 °C.

Moreover, according to thermal analysis, CA:MO undergoes weight loss before reaching the

melting point. Therefore, we hypothesize that competitive destabilization of CA:MO by OX

occurs at the vapor phase (Figure 2).
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Figure 2. Proposed mechanism for competitive destabilization of CA cocrystals induced by
solvent free processing.

To further understand vapor phase mediated destabilization of CA:MO, sublimation
experiments were carried out using sublimation apparatus. The experiment is conducted by
placing ca. 1 g of sample into sublimation reservoir then heated to a predetermined temperature.
Subsequently, sublimates on top and residuals at bottom were collected and analyzed by
PXRD, and Raman spectroscopy (SI, Figures S9 and S10). Two temperatures were considered
for CA system, 90 and 120 °C, which are below and above endotherm and weight loss points
(ca. 104 °C) of CA:MO+OX. The results suggest that pure CA and MO display sublimation
only at 120 °C and the a form of CA is eventually obtained (SI, Table S3). In addition, OX
show high sublimation at 90 and 120 °C. However, it is obtained in the form of dihydrate (OX
DH), which is due to water uptake from atmosphere as all starting materials were previously
confirmed to be anhydrous. Pure CA:MO exhibited sublimation only at 120 °C showing a-CA
at both top and bottom, while no sublimation or structural change was observed at 90 °C.
CA:0OX did not exhibit any sublimation at 90 or 120 °C. (CA+OX+MO) PM and CA:MO +
OX show OX DH as sublimate and CA:OX formed on the bottom. CA:MO and OX were also
placed in sublimation chamber with physical barrier which prevent any contact between the
two. After 24 hours no reaction was observed at 90 °C. However, at 120 °C CA:0X appeared
on both sides indicating that destabilization of CA:MO and formation of CA:OX took place
via sublimation of both CA:MO and OX. This is consistent with the thermograms showing
sublimation peak and weight loss at ca. 103 °C. Moreover, competitive destabilization can take

place far below that temperature provided CA:MO is in contact with OX.



Visualization during destabilization reaction of CA:MO in presence of OX showed sublimation
of OX at 80 °C followed by formation of new crystals taking place at vapor zones. These
crystals were matched to CA:OX crystals (Figure 3). CA:OX crystals kept growing even after

reaching 120 °C (Figure 4). Crystal assignment was performed using Raman microscopy.

Figure 3. HSM images of CA:MO destabilization in presence of OX and formation of CA:0X.
Purple arrows indicate CA:MO, yellow arrows: CA:OX, and green arrows: OX.

Figure 4. Crystal growth of CA:OX during destabilization of CA:MO in presence of OX.



In order to understand experimental observations, energy calculations were conducted and
correlated with that of experimental results. As previously reported, destabilization reaction
involves reaching equilibrium phase either as vapor or eutectic phase as in case of previously
reported CZ:NT destabilization. ° This is followed by the formation of the thermodynamic
preferred cocrystal (Equation 1).

CA:MO + OX = CA:OX + MO (Eq 1)

Thermodynamic parameters including fusion enthalpies, saturated vapor pressures and lattice
energies were used for the energy calculations. Lattice energies were calculated previously
using Density Functional Theory (DFT) 8, and fusion enthalpies were determined using DSC
(Table 1). Whereas, vapor pressures were measured at a range of temperatures (298 to 328K)
using Knudsen Effusion Mass Spectrometry (KEMS). !* Details of these methods can be found
in the SI.

Table 1. Lattice Energies (E) of CA:MO, CA:OX and Pure Components Calculated using D-
DFT and Fusion Enthalpies (AHfus):

Name E* kJ/mol AHs kJ/mol
CA -15.29 19.27
MO -6.86 23.30
0X -5.21 58.52
CA:MO -35.83 15.90
CA:0X -37.45 31.05

* Reported values. 8

Subsequently, energy calculations of destabilization were conducted based on (Equation 1).
Lattice energy difference of destabilization (AEss) (Equation 2), Fusion enthalpy of
destabilization (AHfus-des) (Equation 3) and sublimation Gibbs free energy (AGsub-des) (Equation

4) were calculated.
AE ;.5 = E(CA:OX) + E(MO) - [E(CA:MO) + E(OX)] (Eq2)

AHqu-deS = Hfus(CA:OX) + Hfus (MO) = [Hfus(CA:MO) + Hfus(ox)] (Eq3)



PCA:MOPOX

AGsoub—des = —RTIn (Eq4)

PCA:OXPMO

Where R, T, P values are gas constant, absolute temperature and vapor pressure, respectively.
AFEdes (-24.23 kJ/mol) and AHfus-des (-20.08 kJ/mol) show that CA:OX is thermodynamically
favorable (Table 2). Moreover, AGsu» at all tested temperatures gave negative values (Table 3)
indicating that vapor mediated reaction favors CA:OX formation confirming experimental

findings.

Table 2. Destabilization Related Lattice Energy Change (AEdes), Fusion Enthalpy Change
(AHtus-des), and Sublimation Gibbs Energy Change (AGsub-des) Linked to Observed Cocrystal
(Equation 1) as a result of Neat Grinding (NG) and Heat.

AErep AHfis-des AGisub-des 298K Process Observed
-24.23 -20.08 -8.81 NG CA:0X
kJ/mol kJ/mol kJ/mol

Heat CA:0X

Table 3: Sublimation Gibbs Free Energy Changes using Measured Vapor Pressure Values (P)

at Temperature Range of 298 — 328 K.

T(K) AGsub (J/mol) Pca:mo Pca.ox Pox Pmo

298 -8808.996 0.00109 0.00147 0.0095 0.00020
303 -8501.609 0.00131 0.00189 0.0157 0.00037
308 -7828.283 0.00197 0.00350 0.0255 0.00067
313 -6480.510 0.00245 0.00690 0.0407 0.00120
318 -4794.884 0.00368 0.01840 0.0640 0.00209
323 -4302.917 0.00719 0.04020 0.0993 0.00358
328 -4339.030 0.01270 0.06520 0.1521 0.00603




The experimental observations along with thermodynamic calculations reflect that competitive
destabilization of CA:MO and its transformation to CA:O0X is restricted to vapor phase
pathway and no eutectic is reached or observed. On the other hand, CZ:NT transforms to
CZ:SA in presence of SA via eutectic phase which is governed by the lattice energy and fusion
enthalpy difference. Whereas, transformation of CZ:SA to CZ:NT in presence of NT occurs

only via vapor formation and is governed by Gibbs free energy of sublimation (Figure 10).
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Figure 5: Schematic representation of eutectic or vapor phase mediated competitive
destabilization of CA (Left) and CZ ° (Right) cocrystals.

In-situ monitoring of Raman spectra show gradual decrease of CA:MO peaks at 790, 910,
1330, and 1415 cm™! after 2 minutes. Subsequently, peaks of CA:OX appeared at 840, 890,
1310, and 1405 cm™ (Figure 6).

In-situ tracking using VT PXRD at 70 °C (Figure 7) was performed at four isothermal
conditions, 70, 80, 90 and 100 °C. While tracking the reaction at 70 °C, PXRD patterns showed
gradual reduction of CA:MO peaks at 8.1, 11.64, 12.72, 16.25, 22.6,23.92,25.34,27.96, 31.32,
and 32.2° 20 together with reduction of OX peaks at 22.92, 27.22, 30.98, 31.52, 33.08, 37.38,
and 38.74° 20. This was followed by appearance of CA:OX peaks at 8.18, 11.98, 12.68, 16.42,
18.86,22.84,25.14,27.7,28.58, and 31.12° 20. VT _PXRD kinetics for reactions at 80, 90, and
100 C can be found in SI (Figures S11-S13).
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Figure 6. /n-situ Raman spectra of CA:MO + OX at 70 °C showing appearance of CA:0X
peaks at 840, 895, 1319, and 1405 cm™! and disappearance of CA:MO peaks at 790, 905, 1330,

and 1415 cm™.
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Figure 7: In-situ high temperature powder X-ray diffraction pattern of solvent free
transformation of CA:MO to CA:0X in the presence of OX at isothermal conditions at 70 °C.
Standard patterns are placed on the top: (Green) PXRD of OX, (Orange) CA:0X, and (Blue)
CA:MO.

Kinetics show gradual decline in CA:MO fraction with simultaneous raise in CA:OX fraction
and the extrapolation of kinetics from VT_PXRD data is described in the SI. Kinetics at each
isothermal condition (70, 80, 90, 100 °C) showed similar trends except that reaction rate
increases as temperature increases. Moreover, the reaction was completed around 700, 90, 50,
and 20 minutes for 70, 80, 90, and 100 °C, respectively (Figure 8).
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Figure 8: Kinetics of CA:OX growth (Left), and CA:MO dissolution (Right) at 65, 75, 90, and
100 °C.

Competitive destabilization can be kinetically described using potential energy diagram
(Figure 9). As reaction progresses, the reactants constantly gain potential energy until reaching
a transient high energy state. The amount of potential energy gained is equal to the activation
energy (Ea) of that reaction which is the minimum energy required for a system to initiate a
given reaction. Ea (kJ/mol) is commonly calculated using Arrhenius equation (Equation 5),

which is based on the proportionality between reaction rate constants and temperature. 4

lk—lAEa Eg5
nk=1In BT (Eq5)

Where K is the rate constant, A is a pre-exponential factor and it reflects the molecular collision
frequency required for the reaction.

The high-energy state then rearranges itself to form the thermodynamically more stable phase
at a given temperature and pressure. The difference between potential energy levels of the
initial and final state is equal to the difference in lattice energies or Gibbs free energies between
reactants and products. Both transient phase and activation energy are crucial parameters that

allow to understand the reaction kinetics.
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Figure 9. Thermodynamic (4E and AG?) and kinetic (Ea) parameters used to

describe the competitive destabilization reaction.

Mathematical treatment of these kinetics is primarily used to interpret the progress of a given
reaction. Therefore, fraction change of a solid, or d(«), during a reaction is considered as a
main variable, where « is the conversion fraction and is a ratio of reacted solid amount over
the total solid amount (Equation 6). The conversion can be expressed as a function of time,
temperature, pressure, or composition.

A(to) — A(t)
alt)=—————...... (Eq6)
A(to)
Where A(to) is the reactant amount at zero-time (total amount) and A(t) is the reactant amount

at (t) time.

Mathematical treatment helps to describe experimental conversion values and to suggest a
theoretical kinetic model and hence a reaction mechanism. Based on the suggested reaction
mechanism, the models are classified as nucleation and growth controlled, geometrical

contractions, diffusion, or reaction order models (Table 4). 1



Table 4: Models used in fitting experimental kinetics of cocrystal transformations:

Kinetic Model Abbreviation | Integral Function g(a)

Nucleation and crystal growth models

Prout - Tompkins PT In [a/(1 - a)] =kt
Avrami-Erofeev (n=2) AE 2 [-In(1-o)]"2=kt
Avrami-Erofeev (n=3) AE 3 [-In(1- o))"=kt
Reaction order models

First order FO [-In(1-a)]=kt
Geometrical contraction models

One-dimensional phase boundary 1D PB 1-a=kt
Two-dimensional phase boundary | 2D PB 1-(1-w)2=kt
Three-dimensional phase boundary | 3D PB 1-(1-w)=kt
Diffusion models

One dimensional diffusion 1D D o? = kt
Two-dimensional diffusion 2DD 1-a)In(l -a)+a=kt
Three-dimensional diffusion 3DD [1-(1-0)]2=kt
Ginstling-Brounshtein GB 1-Q2a/3)-(1-a)?P=kt

CA:MO destabilization and CA:OX formation curves were subjected to model fitting and r?
values were compared (Table 5). According to r? values, CA:MO destabilization curves follow
Prout-Tompkins model whereas CA:OX formation curves generally show higher r? values and

follow Genstling — Brounshtien and 3D diffusion models.

The best models were then subjected to Arrhenius plotting (Figure 10) and activation energy
(Ea) was calculated accordingly. Best model for CA:MO destabilization was found to be Prout
Tompkins with Ea of 133.91 kJ/mol. For CA:OX growth the best model in general was found
to be Ginstling — Brounshtein diffusion with more inclination toward 3-dimensional diffusion
model at 70 and 80 °C and thus Ea ranged from 130.45 - 132.57 kJ/mol. Moreover,
destabilization rates of CA:MO were found higher (-0.00340 - -0.18263 min) compared to
growth rates of CA:0X (0.00041 - 0.01630 min™) (Table 6).

Prout — Tompkins is a nucleation and crystal growth-controlled model. This model applies
when the reaction rate (destabilization rate in this case) is dependent on both the reacted (o)

and unreacted amounts (1 - o) at each time interval. This type of reaction is called autocatalytic



where the reaction product can stimulate the progression of the reaction by formation of defects
within crystal structure®®. Prout-Tompkins model was observed to best describe kinetics of
thermal decomposition reactions, such as KMnQOa. '’ Ginstling-Brounshtein model or 4D
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diffusion is similar to 3D diffusion model but with the addition of Fick’s first law of radial

diffusion which assumes that reaction at interface is faster than diffusion. 18

Figure 10: Isothermal kinetics, and Arrhenius plot of CA:MO destabilization (Up) following
Prout-Tompkins and CA:OX growth (Down) following Ginstling — Brounshtien at 70, 80, 90,
and 100 °C.

Table 5: Comparison of Model Fitting Correlation Coefficient Values (r?) of CA:MO

Transformation Kinetics. Values in Red Indicate Highest Top Two r? for Destabilization and

Growth:
CA:MO destabilization CA:OX growth
Model 70°C 80°C 90°C 100C 70°C 80°C 90°C 100
PT 0.919 0.924 0.980 0.951 0.217 0.321 0.852 0.908
AE n=2 0.729 0.612 0.609 0.699 0.893 0.934 0.928 0.959
AE n=3 0.841 0.760 0.732 0.804 0.838 0.859 0.871 0.924
1st order | 0.370 0.324 0.397 0.512 0.954 0.980 0.875 0.865
1D PP 0.841 0.817 0.765 0.841 0.633 0.757 0.721 0.801




2D PP 0.691 0.617 0.598 0.689 0.843 0.921 0.927 0.966
3D PP 0.606 0.516 0.527 0.625 0.901 0.970 0.969 0.989

1D D 0.570 0.539 0.527 0.623 0.773 0.888 0.893 0.941
2D D 0.449 0.412 0.444 0.548 0.882 0.958 0.974 0.994
3bD 0.242 0.262 0.350 0.468 0.966 0.988 0.934 0.904
GB 0.380 0.352 0.406 0.516 0.929 0.985 0.993 0.997

Table 6: Summary of Kinetic Parameters Including Activation Energies (£a) for CA:MO
Destabilization, and CA:0X Growth:

Temp CA:MO destabilization CA:OX growth
Model | Rate-min® | Ea kd/mol | Model Rate-min™ EakJ/mol
70 °C PT -0.00340 133.91 GB & 3DD 0.00041 132.57 -
80 °C PT -0.03175 GB &3DD 0.00270 130.45
90 °C PT -0.07383 GB 0.00694
100°C | PT -0.18263 GB 0.01630
CONCLUSION:

The combination of thermal analysis, VT-PXRD, and sublimation experiments confirm the
competitive destabilization of CA:MO by OX to form CA:OX. This process takes place only
via vapor phase. No eutectic formation was observed in Raman spectroscopy, XRD, or HSM
experiments where the destabilization reaction was completed before reaching the melting
point of CA:MO cocrystal (132.1°C). AEdes , AHfus-des and AGisub-des values show that CA:0X
formation is thermodynamically favorable. Both AEds and AHfis-des reflected that the
cohesiveness of CA:OX cocrystal is greater compared to CA:MO. Whereas, AGsub-des data show
that NG or heating of CA:MO + OX can generate sufficient vapor pressure to achieve
destabilization of CA:MO. Additionally, the produced vapor pressure is at a supersaturation
state with respect to CA:OX cocrystal, leading to its nucleation and crystal growth. Compared
to previously reported CZ:NT and CZ:SA systems °, CA cocrystals display a different
destabilization behavior where both lattice energies and vapor pressure related values
contributed to the preference of CA:OX formation. Kinetic investigations show that CA:MO
destabilization follows Prout — Tompkins model which is nucleation and crystal growth rate

dependent with activation energy (£a) of 133.91 kJ/mol. Whereas, CA:0OX formation is



diffusion rate dependent and mainly following Ginstling-Brounshtein model with Ea of 132.57
- 130.45 kJ/mol.
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Stability of cocrystals in multicomponent systems is a major subject and require comprehensive
understanding of interactions between cocrystals and the other additives. Competitive
destabilization of cocrystals occurs if structurally similar additive is present. Competitive

destabilization caffeine : malonic acid cocrystal in presence of oxalic acid at solvent free



conditions is mediated by vapor phase formation. Kinetic studies revealed reaction rate
dependency on nucleation-crystal growth and diffusion models for caffeine : malonic acid

destabilization and caffeine : oxalic acid formation, respectively.



