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Resumo

Os co-cristais sdo uma das mais promissoras tecnologias desenvolvidas pela engenharia de
cristais para melhorar as propriedades de materiais sélidos. Devido ao enorme nimero de
combinagfes possiveis entre diferentes moléculas, 0s co-cristais permitem a manipulagdo das
propriedades de materiais relevantes em varias indistrias, como a dos materiais energéticos, dos
agroguimicos e, atualmente, sobretudo da industria farmacéutica.

Visto que a formagdo de co-cristais estd dependente dos tipos e quantidade de interagdes
intermoleculares possiveis de serem estabelecidas entre as moléculas, o estudo deste tipo de
interacdes e da forma como competem entre si é fundamental para o desenvolvimento de estratégias
de sintese de co-cristais eficazes. Historicamente, as ligacGes intermoleculares mais estudadas sdo
as ligacBes de hidrogénio, as interacBes de van der Waals e as interacGes de Coulomb. No entanto,
durante o século XIX um novo tipo de interacdes com uma forca semelhante as ligacGes de
hidrogénio foi descoberta — as ligacbes de halogénio. Devido aos avangos computacionais, no final
do seculo XX, foi possivel determinar a origem deste tipo de interacfes: a formacdo de uma ligacdo
covalente com um atomo de halogénio retira densidade eletronica da orbital antiligante deste,
originando uma zona com menor densidade eletrénica oposta a ligacdo covalente. Assim, as
ligacbes de halogénio sdo ligacOes direcionais e com caracter tanto electroestatico como de doacédo
de carga. As suas propriedades sdo, no entanto, muito semelhantes as das ligacdes de hidrogénio o
que pode tornar dificil a previsdo de quais vdo ser formadas preferencialmente quando ambas séo
possiveis.

Neste trabalho realizou-se um estudo da competicdo/cooperacdo entre ligagdes de halogénio e
hidrogénio na formagdo de co-cristais. Para efeito de obter co-cristais, utilizou-se a técnica de
mecanoquimica com dois equivalentes de moléculas doadoras de ligacdes de halogénio e ligacGes
de hidrogénio (halogenofenois) para um equivalente de moléculas que aceitam ambas as ligagGes
(pirazina, hexametilenotetramina e 1,4-diazobiciclo[2.2.2]octano). Foram produzidos 25 co-cristais
novos (3 com a pirazina, 11 com o 1,4-diazobiciclo[2.2.2]octano e 11 com a
hexametilenotetramina). As sinteses com pirazina produziram, na maioria dos casos, liquidos. Para
6 destes 25 co-cristais, foi possivel determinar a estrutura cristalina por difracdo de raios-X de
cristal Unico (3-clorofenol, 3-bromofenol e 4-iodofenol com o 1,4-diazobiciclo[2.2.2]octano e
4-clorofenol, 4-bromofenol e 4-iodofenol com a hexametilenotetramina). As estruturas cristalinas
obtidas revelaram que nestes co-cristais, as ligacGes de hidrogénio sdo preferenciais, visto que todos
os grupos hidroxilo estavam presentes numa ligacdo de hidrogénio com o aceitador. A estrutura do
co-cristal de 4-iodofenol com o 1,4-diazobiciclo[2.2.2]octano evidenciou um arranjo molecular
onde 4 4tomos de halogénio formam uma série de 3 ligagcBes halogénio-halogénio. O co-cristal do
4-iodofenol com a hexametilenotetramina mostrou a formacdo de uma ligacdo de halogénio
paralelamente a duas ligacbes de hidrogénio, revelando a cooperacdo entre os dois tipos de
interacdo. Um estudo preliminar da cinética das reacBes de formacéo dos co-cristais de 4-iodofenol
e 4-bromofenol com 1,4-diazobiciclo[2.2.2]octano através de mecanoquimica, foi realizado usando
difracdo de raios-X com radiacdo de sincrotrdo. As rea¢des foram muito répidas (<1 min) o que
impediu determinacdo de constantes de velocidade.

Adicionalmente, foi realizado um estudo computacional para determinar as energias de interacdo
de diferentes dimeros de moléculas capazes de formar ou ligacbes de halogénio ou ligacBes de
hidrogénio, correspondentes a combinacdes utilizadas na sintese dos co-cristais. Os calculos
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revelaram que: (i) as moléculas com fldor ndo formam ligacbes de halogénio. (ii) As ligacGes de
hidrogénio sdo as mais fortes, seguidas pelas ligacGes de halogénio com as bases de azoto, seguidas
das ligacOes de halogénio do tipo halogénio-halogénio. (iii) A alteracdo do &tomo de halogénio tem
um impacto na forga de ligacdo de todos os tipos de interagdo. Este impacto é maior para as ligagcdes
de halogénio com as bases azotadas, seguidas pelas ligacdes de halogénio do tipo
halogénio-halogénio e por fim as ligacdes de hidrogénio. (iv) A posicdo do grupo hidroxilo relativa
ao atomo de halogénio tem, também, uma influéncia na forca das interagGes sendo que as moléculas
com o0s substituintes mais afastados, substituicdo para, resultou em menores forcas de ligacéo,
seguida da substituicdo meta e por fim a substitui¢do orto.

A formacgdo de co-cristais tem sido alvo de muita atencdo. No entanto, 0s aspetos
termodindmicos relativos a formacdo deste tipo de materiais ndo foram ainda muito explorados. O
segundo capitulo deste trabalho focou-se na analise térmica e na estabilidade termodinamica de um
co-cristal recentemente descoberto envolvendo a combinacdo dos medicamentos celecoxibe (usado
como anti-inflamatério) e o hidrocloreto de tramadol (usado para o tratamento de dor moderada a
severa). Este co-cristal esta ja a ser comercializado sob a designacdo Seglentis®. Para além da forma
cristalina, foram analisadas amostras de nanoparticulas cristalinas e amorfas (com tamanhos de
particula diferentes) de uma mistura de celecoxibe com hidrocloreto de tramadol produzidas atraves
de COz-assisted nano-spray drying. O estudo permitiu avaliar o impacto do tamanho de particula e
da organizacdo molecular na estabilidade dos materiais. Os resultados de termogravimetria
demonstraram que a decomposicdo térmica destes materiais bicomponentes tem um comportamento
intermédio ao dos dois precursores. Os resultados de calorimetria diferencial de varrimento (DSC)
das amostras cristalinas corroboram os dados da literatura, os das amostras amorfas evidenciaram
uma cristalizacdo fria, a cerca de 390 K, confirmada por microscopia hot-stage, seguida da fusdo
do co-cristal.

A estabilidade destes materiais foi estudada com base na energia de Gibbs da reacdo de
decomposi¢do nos precursores. O termo entalpico foi determinado com recurso a calorimetria de
solucdo e a resultados de DSC, permitindo a comparagdo dos dois métodos, e a energia de Gibbs
foi determinada através de medidas de solubilidade. O fator entrdpico pdde posteriormente ser
deduzido através destas duas grandezas. Os resultados obtidos por calorimetria de solucdo
revelaram que, em termos entalpicos: (i) apenas o co-cristal produzido por cristalizacdo a partir da
solucdo é estavel; (ii) as nanoparticulas cristalinas sdo ligeiramente instaveis e as nanoparticulas
amorfas sdo muito instaveis; (iii). a diminuicdo do tamanho de particula aumenta a instabilidade da
amostra. Os dados obtidos por DSC apenas concordaram com a informagdo recolhida por
calorimetria de solugdo em termos das amostras cristalinas serem mais estaveis que as amostras
amorfas, néo tendo sido detetada a diferenca de estabilidade entre as duas amostras cristalinas ou e
uma relacdo clara entre o tamanho de particula e a estabilidade. E de salientar que os resultados
obtidos por este método apresentaram valores absolutos sobrestimados relativamente aos obtidos
por calorimetria de solucdo. Sendo que ambos os métodos sdo comumente utilizados para a medicéo
desta grandeza, mais estudos tém de ser realizados de modo a compara-los e determinar a sua
validade. A determinacdo da energia de Gibbs foi realizada apenas para as amostras cristalinas,
visto que, as amostras amorfas aparentam degradar-se aquando do contacto com o solvente, néo
sendo os valores de solubilidade representativos das mesmas. A andlise dos valores obtidos para a
estabilidade termodinamica em termos de energia de Gibbs, revelam que: (i) ambas as amostras
cristalinas sdo estaveis face a decomposicdo nos seus precursores, ArG°m > 0; (ii) A estabilidade da
amostra de co-cristal produzida por cristalizacdo de solucdo aparenta ser de natureza entélpica,

ArH°m > |TA/S®m|, enquanto a estabilidade da amostra de co-cristal produzida por spray-drying aparenta



ser de natureza entropica, ArH°m < |[TA/S°m|. Estes resultados suportam a interpretacdo de que uma
diminuicdo do tamanho de particula aumenta o nimero de moléculas a superficie, reduzindo

simultaneamente 0 namero de moléculas no interior do cristal, diminuindo a energia interna e
aumentando a entropia.

Palavras-chave: Co-cristais, LigacOes de Halogénio, Ligacdes de Hidrogenio,
Energética.



Abstract

Cocrystals have, over the years, gained considerable interest due to their potential to improve
material properties without changing the molecular structure. In this work, two studies were
performed, the first involving a fundamental study on how hydrogen and halogen bonds
compete/cooperate, in the formation of a cocrystal, the second concerning the thermodynamic
stability of a Tramadol-HCL:Celecoxib cocrystal and its comparison with recently described
coamorphous nanoparticles and cocrystalline nanoparticles produced through CO: assisted nano

spray drying.

The study of halogen and hydrogen bonds competition/cooperation involved a cocrystal
screening with donor (halogenophenols) acceptor (pyrazine, hexamethylenetetramine and
1,4-diazabicyclo[2.2.2]octane) molecules that could form both types of bonds. 25 new cocrystals
were synthesized and 6 had the structure determined. Only one of the structures (4-iodophenol with
hexamethylenetetramine) resulted in the formation of a halogen bond, despite the concomitant
presence of two hydrogen bonds. All other structures only presented hydrogen bonds between the
donor and acceptor molecules. Computed interaction energies between dimers of halogenophenols
with 1,4-diazabicyclo[2.2.2]octane revealed that: (i) hydrogen bonds are the strongest among the
studied interactions; (ii) the ring substituent pattern impacts the bond strength with closer
substituents resulting in stronger bonds; (iii) changing the halogen atom affords an increase of the
bond strength as we go down on the periodic table halogen group, an effect enhanced for halogen-
halogen bonds.

Solution calorimetry and solubility measurements of the Tramadol-HCL:Celecoxib crystalline
and amorphous samples revealed that: (i) both crystalline samples are stable against decomposition
into their precursors, A/G°m>0; (ii) the stability of the cocrystal produced through solution
crystallization is of enthalpic nature, AtH°m>|TA:S°m|, While the stability of the cocrystalline sample
produced through spray drying is of entropic nature, ArH°m<|TAS®n|; (iii) on enthalpic grounds,
smaller particle sizes seem to correlate with higher instability. (iv) amorphous samples presented
lower stability.

Keywords: Cocrystals, Halogen Bonds, Hydrogen Bonds, Energetics.
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Chapter 1
Competition between
Halogen and Hydrogen Bonds



1.1 Introduction

Historically, chemistry has been progressing faster and faster to accomplish a higher degree of
control of how molecules can be built and interact with other molecules. Nowadays we can
synthesize almost any molecule we can think of and are now delving deeper and deeper into how
molecules interact, trying to control weaker interactions that, by consequence, are much harder to
control.

The prime example of an intermolecular interaction is the hydrogen bond (HB), known for over
a century and ubiquitous to life on earth and most of the chemical processes we know. Together
with electrostatic and van der Waals interactions, HB are the most well-known interactions.
However, in the XIX century several adducts, that seemed to include an attractive interaction
between a bonded halogen atom and an electron donor species (usually a carbon or nitrogen), which
didn’t correspond to any of the previously known interactions, were found.! In 1954 Hassel and
coworkers determined the crystal structure of one of these adducts and concluded that the halogen
atom pointed directly to the electron donor atom.2 Latter Bent stated that “there is reason to believe
that the O---Br-Br interaction is energetically comparable to a strong hydrogen bond”,® although at
thetime the interaction was not understood because halogen atoms were considered electron donors,
and not electron withdrawing, species. Only at the end of the XX century did we start to uncover
the nature of this interaction through ab initio calculations by Politzer and coworkers.# They found
that the covalent bond formed by the halogen atom (X) withdraws electron density from the
antibonding orbital at the opposite side of X and creates a very localized area of electron deficiency,
the so-called o-hole. This enables the attractive interaction of the halogen atom with an electron
donor group (B) through electrostatic interaction and electron density donation, the now called
Halogen Bond (XB), represented in Figure 1.1.

B

B = nucleophile
E = electrophile
X=Cl,Br,|

Figure 1.1. Schematic representation of an R—X---B halogen bond showing the anisotropic distribution of charge around
the X atom. A possible orthogonal side-on interaction with an electrophile is also shown. The color scheme represents
electron density with blue being lower electron density (corresponding to the c-hole) and red higher electron density.5

The properties of XB are similar to HB, namely in terms of directionality, electrostatic and
charge-transfer nature, and strength. However XB has additional levels of control possible, such
as:® (i) changing the halogen atom leads to a change in bond strength, increasing with the increase
of the atomic weight of the halogen, i.e. F <ClI < Br < | (fluorine atoms are rarely able to form
XB7), due to the increase in polarizability and electropositivity; (ii) the ability of the halogen atom
to also behave as an electron donor group; (iii) the ability to form bonds with other halogen atoms



in two different kinds of geometry, the so called type | and type 118 (Figure 1.2). Like HB, the nature
of the substituent groups close to the halogen atom in XB has a large influence on the strength of
the halogen bond interaction (electron-withdrawing groups will pull electron density from the
halogen atom and intensify the c-hole).

X—R
R
Type -l Type -l
91= 92 91% 900
6,~ 180°

Figure 1.2. Scheme of type | (left) and type Il (right) halogen-halogen short contacts. X =halogen, and R = C, N, O,
halogen, etc.6

The discovery of XB provided a new tool for the development of new compounds and opened a
world of possibilities for the expansion of the interaction toolbox that can be used for engineering
new materials. Moreover, the development of computational methods, such as quantum chemical
and molecular dynamics, has benefited from knowledge of new intermolecular interactions and has
returned with new knowledge of XB such as its nature.

Owing tothe relatively new studies on XB, the available information on this type of interaction
is scarce, when compared with other intermolecular interactions. Moreover, since XB and HB
donors can interact with the same electron donor groups, a more in-depth knowledge of how these
interactions compete and cooperate has become necessary to achieve a high level of control. A good
way to tackle this issue is the systematic search of new compounds that can exhibit both XB and
HB, and investigate their relation in terms of cooperation, competition, or both. With sufficient
information on this competition/cooperation it is possible to identify patterns and improve the
ability to control the conjugation of HB and XB. Examples of HB vs. XB structure screening can
already be found in the literature.%-18

This work was mainly focused on HB/XB competition and cooperation. The acceptor molecules
chosen were 1,4-diazabicyclo[2.2.2]octane (DAB), pyrazine (PYR), both with 2 acceptor sites, and
hexamethylenetetramine (HMT) with 4 acceptor sites (Figure 1.3). For the XB/HB donor molecules
halogenophenols, changing both halogen atom and substituents relative position, and para
substituted dihalogenbenzenes, changing both halogen atoms, were chosen (Figure 1.3). The
XB/HB donor molecules were halogenophenols, differing in the halogen atoms and their positions
in the aromatic ring, and para substituted dihalogenbenzenes, containing two different halogen
atoms (Figure 1.3). The halogenophenol donors allowed the study of the effect of changing both the
relative position and the halogen atom. The effect of varying the halogen substituent on the XB
strength has been computationally addressed,® but to the best of our knowledge, no experimental
studies on this topic exist. The para substituted dihalogenbenzenes donor molecules cannot form
HB. They were therefore also studied in this work to evaluate their ability to form halogen bonds
with the acceptor molecules, without competition from HB.
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Figure 1.3. Molecular structures of the compounds studied in this work.



1.2 Materials and Methods

Materials

Dichloromethane (DCM, LAB-SCANDCM, 99.8%), Hexane (Sigma-Aldrich, >99%), Pyrazine
(PYR, ThermoScientific, >99%), hexamethylenetetramine (HMT, TCL, >99.0%),
1,4-diazabicyclo[2.2.2]octane (DAB, TCL, >98%), 4-fluorophenol (4FP, AmBeed, 99.93%),
2-chlorophenol  (2CP, TCL, >99.0%), 4-chlorophenol (4CP, Sigma-Aldrich, >99.0%),
2-bromophenol (2BP, TCL, >98%), 3-bromophenol (3BP, TCL, >95%), 4-bromophenol (4BP,
Sigma-Aldrich, 99%), 2-iodophenol (2IP, Sigma-Aldrich, 98%), 4-iodophenol (41P, Sigma-Aldrich,
99%), 4-iodoaniline (41A, AmBeed, 99.65%), 1-fluoro-4-iodobenzene (1F41B, AmBeed, 99.87%),
1,4-diiodobenzene (114I1B, AmBeed, 99.87%), 1-bromo-4-iodobenzene (1B4IB, AmBeed, 98%),
1,4-dibromobenzene (1B4BB, AmBeed, 99.85%), 1l-bromo-4-chlorobenzene (1B4CB, AmBeed,
99.92%), 1-chloro-4-iodobenzene (1C4I1B, AmBeed, 99.87%) were wused as received.
3-Chlorophenol (3CP, Sigma-Aldrich, 98% HPLC) was purified by sublimation.

Cocrystal Synthesis

Cocrystal screening was performed by mechanochemistry using a vibration ball mill
(Pulverisette 23, Fritsch). Typically, a stoichiometric mixture of 2 parts Lewis acid to 1 part base
(200 mg total mass) was ground for 30 min at a frequency of 50 Hz, inside a 10 cm3 stainless steel
jar containing two 10 mm diameter stainless steel balls. The resulting product was stored at room
temperature (298 + 2 K) in an Eppendorf tube.

Single crystals were produced through slow crystallization of a solution in a mixture of DCM
and hexane. In a typical crystallization 30 mg of cocrystal produced through mechanochemistry
were dissolved in a mixture of 0.5 mL DCM and 2 mL hexane. If the product did not fully dissolve,
an additional 0.5 mL of DCM was added. The solution was allowed to evaporate at 298 + 2 K until
crystal formation was observed. The crystallizations were performed using new and clean 5 mL
vials.

Powder X-Ray Diffraction (PXRD)

PXRD patterns were collected at 295 + 2 K, on a Philips X’Pert PRO X-ray diffractometer
operating in the 6-20 mode. The apparatus was equipped with a PW 3050/60 vertical goniometer,
an X’Celerator detector, and a Cu Ka radiation source, with tube amperage and voltage set to 30 mA
and 40 kV, respectively. The diffractograms were recorded in the 26 range 5-35°, in the continuous
mode, with a step size of 0.017°(26) and an acquisition time of 20 s per step. The samples were
mounted on a silicon sample holder. Mercury 2022.3.0 (Build 364735)20 was used to simulate
diffraction patterns from published single crystal X-ray diffraction data.

Single-Crystal X-Ray Diffraction (SCXRD)

Single-crystal X-ray diffraction analysis was carried out by Inés Feliciano and Professor Fatima
Piedade at the IST X-ray diffraction facility. They were carried at 296 +2 K, on a Bruker
AXS-KAPPA APEX Il area detector diffractometer, using graphite-monochromated MoKa
(A =0.71073 A) radiation. The crystals were coated with Paratone-N oil and mounted on a Kaptan
loop. The temperature scale of the apparatus had been previously calibrated against a standard
platinum resistance thermometer (calibrated at an accredited facility in accordance with the



International Temperature Scale ITS-90) placed at the same position as the crystal. The X-ray
generator was operated at 50 kV and 30 mA, and the X-ray data collection was monitored with the
APEX2 program.? All data were corrected for Lorentzian, polarization, and absorption effects
using the SAINT2: and SADABS?2! programs. The structures were solved by direct methods with
SHELXS-972 and refined by full-matrix least-squares on F2 with SHELXLv.2017,2% included in
WINGX-Version 1.80.05.24 Non-hydrogen atoms were refined with anisotropic thermal parameters.
All hydrogen atoms were located in a Fourier map, and their positions and isotropic displacement
parameters, Uiso(H), were refined freely. A summary of the crystal data, structure solution, and
refinement parameters is given in Table 1.1. Graphical representations were prepared using
Mercury 2022.3.0 (Build 364735).20

Quantum Chemical Calculations

DFT calculations were performed with the MO06-2X functional® and the polarized
triple-C def2-TZVP basis set.2¢ This model has been shown to be accurate for treating noncovalent
bonds such as those studied here.1® The computations were carried out with Gaussian 09 program.2’
Before the interaction energy determination, a tight optimization of the geometry was performed.
The interaction energy E,;, of each dimer was calculated as the difference between the electronic
energy of the full complex and the sum of the electronic energies of the Lewis acid and the base at
absolute zero, each in the geometry they adopt within the dimer. The counterpoise procedure?28.29
was applied to correct basis set superposition error of the electronic interaction energy, E;..

Reactions Monitored In Situ and Real Time by Synchrotron PXRD

The experiments were carried out in collaboration with Franziska Emmerling’s group (BAM,
Berlin) at the p-spot beamline (BESSY II, Helmholtz Centre Berlin for Materials and Energy,
Germany).3031 The reactions were performed in a vibration ball mill (Pulverisette 23, Fritsch) at a
frequency of 50 Hz and 315 + 1 K. A Perspex milling jar (internal diameter of 12 mm and wall
thickness of 0.75 mm) was used with two 8 mm stainless-steel balls. The experimental setup had
been previously described.32 The experiments were conducted with a wavelength of 0.7293 A
(17 keV) using a double crystal monochromator (Si 111) and a Eiger 9 M (Dectris, Switzerland)
detector. PXRD patterns were collected with an acquisition time of 5.75 + 0.05 s each. Scattering
images were integrated using the Dpdak-Software.®® Data analysis was performed with a
custom-made python script.



Table 1.1. Crystal Data and Structure Refinement Parameters

3CP,:DAB 3BP,:DAB 41P,:DAB 4CP,:HMT 4BP,:HMT 41P,:HMT
T/IK 298 +2 298 +2 293+2 298 +£2 298 +£2 298 +2
Crystal size /mm 0.30x0.15x0.10 0.30x0.12x0.10 0.40x0.05x%0.02 0.40x0.03x0.02 0.42x0.06x0.03 0.20x0.10x0.09
crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
space group P 2i/c P 2i/c P 2i/n P 2i/c P 2i/c P 2i/c
alA 15.8034(9) 15.8107(16) 6.6265(6) 16.2550(14) 16.372(3) 5.8855(6)
b /A 9.5503(5) 9.5204(10) 19.238(2) 5.8917(4) 5.8968(9) 13.0647(15)
c/A 13.3587(7) 13.7718(15) 16.2787(16) 20.6480(15) 21.002(3) 26.755(3)
al° 90 90 90 90 90 90
Bl° 111.713(2) 112.339(3) 90.159(4) 94.210(2) 93.945(6) 92.768(3)
v/° 90 90 90 90 90 90
V /A 1873.14(18) 1917.4(4) 2075.2(4) 1972.1(3) 2022.8(5) 2054.9(4)
z 4 4 4 4 4 4
z' 0 0 0 0 0 0
dcaic /g-cm-3 1.309 1.587 1.767 1.338 1.597 1.875
APC 0.694 0.660 0.634 0.651 0.653 0.664
w/mm-t 0.359 4.240 3.043 0.349 4.027 3.080
F(000) 776 920 1064 832 976 1120
0 limits /deg 2.544 10 26.741 2.5531026.421 2.459 t0 26.393 2.264 t0 27.138 2.381 10 26.381 2.1801t027.116
-19<h<19 -19<h<19 -8<h<7 -20<h<20 -20<h<20 -7<h<7
limiting indices -12<k<12 -11<k<11 -24<k<24 -7<k<7 -7<k<7 -16<k<16
-16<I<16 -17<I<17 -20<1<20 -26<1<26 -26<1<25 -34<1<34
reflections collected /unique 2_7478 /3974 4?408 /3915 49297/4253 29282 /4368 12_3912 /4042 49057/4564
[R(int) = 0.0496] [R(int) = 0.0914] [R(int) =0.0818] [R(int) = 0.1107] [R(int) = 0.0811] [R(int) =0.0777]
completeness to °0 100.0% 99.9% 99.9% 99.7% 97.4% 99.9%
data/restraints/parameters 3974 /017360 3915/0/218 4253/01/217 4368/0/243 4042/01/243 4564 /0/235
GOFon F2 1.050 1.014 1.055 1.070 1.081 1.151
. - R: =0.0594, R: =0.0416, R: =0.0501, R: =0.0777, R: =0.0547, R: =0.0490,
final Riindices [1> 2(1)] WR: = 0.1363 WR: = 0.1104 WR = 0.1114 WR: = 0.1209 WR; = 0.1262 WR: = 0.0924
Rindices (all data) R: =0.0957 R:1 =0.0805 R1=0.0759 R1=0.1427 R1=0.1169 R1=0.0633
wR2=0.1518 wR2 =0.1247 wR2 =0.1189 wR2 =0.1382 wR2 =0.1403 wR2 =0.0976

largest diff. peak and
hole x108/e-pm-3

0.287 and -0.348

0.671 and -0.679

1.757 and -0.979

0.357 and -0.320

0.541 and -0.885

0.941 and -0.812



1.3 Results and Discussion

Cocrystal Screening

An initial cocrystal screening using all possible linear combinations of PYR, DAB and HMT
(Figure 1.3) with 4FP, 2CP, 3CP, 4CP, 2BP, 3BP, 4BP, 2IP, 41P, 4lA, 1B4BB, 1B4CB, 1F4IB,
1C4IB, 1B4IB and 114IB (Figure 1.4) was performed. The mechanochemical experiments were
carried out without solvent assistance, as described in the experimental section. Only one
stoichiometric composition was tested: 2 molecular equivalents of the donor molecule to one
molecular equivalent of the acceptor molecule. The product of the reaction was analyzed using
PXRD and the obtained patterns compared with those of the precursors to confirm if the cocrystal
synthesis had been successful. To the best of our knowledge only 3 of the combinations tested had
already been shown to produce a cocrystal: 4CP2:DAB (2:1, CSD refcode: WIDNAZ34), 4BP2:DAB
(2:1, CSD refcode: WIDNED?4) and 4IP2:DAB (2:1, CSD refcode: IXUVUU). The results are
summarized in Table 1.2. The comparisons of the PXRD patterns of the products and precursors are
illustrated in Figures S1-S39 of the Supplementary Information.
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Figure 1.4. Molecular structure of the halogen bond and hydrogen bond donors selected in this work.




Table 1.2. Cocrystal screening sumary. The symbols represent unsuccessful synthesis (-), successfull synthesis (+) and
successful preexisting synthesis (o). The highlighted cells mark the products for which structures were determied in this
work.

PYR DAB HMT
4FP - + +
2CP - - +
3CP -] o+
4CP + o% + |
2BP - + +
3BP -] o+
4BP + o34 + |
2IP - + +
41P + | o | 4 |
41A - + -
1B4BB | - + -
1B4CB | - - -
1F4IB | - + -
1caB | - + -
1B4IB | - + +
1418 | - + +

Most of the synthesis with PYR produced a liquid, and some mixtures liquified upon mixing,
even without milling. Almost all reactions with DAB and HMT were successful. The cocrystal
products that had already been published, or were determined in this work, had matching structures,
as can be confirmed by the PXRD results represented in Figure S 1 to Figure S 39 of the
Supplementary Information.

Structures

The results of the SCRXD experiments indicated that all synthesized products corresponded to
cocrystals with 2:1 stoichiometry, two equivalents of the donor molecule to one equivalent of
acceptor molecule.

Table 1.3. Structural data of the determined crystal structures.

3CP,:DAB  3BP,:DAB  41P,:DAB  4CP;:HMT 4BP,:HMT  41P;:HMT

d (O--N)1 /A 2.674 2.718 2.654 2.745 2.743 2.743

d (O--N)2 /A 2.715 2.671 2.699 2.764 2.756 2.808
£ (C-+O--N)1/°| 121.48 120.08 124.00 118.76 118.57 113.29
£ (C+O-N) /°| 120.06 121.09 119.33 118.32 119.03 113.85

d (X--N) /A - - - - - 3.040
£ (C+X-+N) [° - - - - - 172.78
3CP,:DAB

The asymmetric unit of 3CP2:DAB cocrystal is represented in Figure 1.5a. It shows 3 symmetry
independent molecules, 2 donor molecules and one acceptor molecule. The structure reveals that
both acceptor sites are bonded with an HB with distances O---N of 2.674 A and 2.715 A. The
chlorine atoms do not form halogen bonds: one is directed to the hydroxyl carbon of another 3CP
molecule (Figure 1.5b) with a C---X distance of 3.478 A and another is directed to an hydrogen of



a second 3CP molecule with a H---X distance of 3.003 A. The three-dimensional packing is
composed of stacked molecular layers (Figure 1.5¢c represents a molecular layer). The two
asymmetric molecules of 3CP can be seen in this representation: one of the molecules alternates
with DAB in an orthogonal direction to the ring plane (top highlight in Figure 1.5c); the second
asymmetric 3CP molecule forms rows of alternating direction (bottom highlight in Figure 1.5c).
The DAB molecule shows disorder with rotation with the axis of rotation being the two nitrogen
atoms.

3BP2:DAB
The structure of 3BP2:DAB shows the same molecular packing of 3CP2:DAB (Figure 1.6). The
hydrogen bond O---N distances are 2.718 A and 2.671 A. The halogen atoms show a C---X distance
is 3.431 A and a H---X distance of 3.156 A in the same motifs as 3CP2:DAB. The structure also
consists also of stacked layers (Figure 1.6c) with the same molecular motifs as 3CP2:DAB.

a) b)
ot § %
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Figure 1.5. Main packing motifs of 3CP,:DAB cocrystal. a) asymmetric unit, b) chlorine-pi interaction, c)
three-dimensional packing motif with the highlight of the two packing motifs.

41P,:DAB

The structure of the 4I1P2:DAB had been previously reported (CSD refcode: IXUVUU, also
determined at room temperature, 283-303 K). Despite this, one of the hydrogen atoms in the
hydroxyl group did not seem to be correctly positioned. The structure determined in this work
matched the literature structure and presented two hydrogen bonds with O---N distances of 2.654 A
and 2.699 A. The iodine atoms participate in an interesting supramolecular arrangement of 3
halogen bonds (Figure 1.7b), the arrangement is composed of two XB of type | (I---1 distances of
3.836 A, I---1---C angles of 125.94°) and one XB of type Il (I---1 distance of 3.796 A, I---1.-.C
angle of 153.76°). The three-dimensional packing of the molecules consists of stacked 4IP and DAB
rows with the iodine atoms pointing at each other forming linear channels, marked in green, in the
structure (Figure 1.7c).
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4CP2:HMT

The 4CP2:HMT asymmetric unit includes two 4CP molecules and one HMT molecule. The HMT
molecule forms two HB with the 4CP molecules with O---N distances of 2.745 A and 2.764 A
(Figure 1.8a). The chlorine atoms interact with CH---Cl HB with HMT (Figure 1.8b) showing a

distance H---Cl of 3.155 A. The three-dimensional arrangement consists of stacked chains of each
molecule (Figure 1.8c).

U & q’

Figure 1.6. Main packing motifs of 3BP,,DAB cocrystal. a) asymmetric unit, b) bromine-pi interaction, c)
three-dimensional packing motif.

Figure 1.7. Main packing motifs of 41P,;DAB cocrystal. a) asymmetrlc unit, b) iodine-iodine interactions, c)
three-dimensional packing motif.
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Figure 1.8. Main packing motifs of 4CP,;HMT cocrystal. a) asymmetric unit, b) chlorine-hydrogen interaction, c)
three-dimensional packing motif.

4BP,:HMT
The 4BP2:HMT cocrystal packing is similar to that of 4CP2:HMT. The asymmetric unit is
composed of two 4BP molecules which form hydrogen bonds with HMT with O---N distances of
2.743 A and 2.756 A (Figure 1.9a). The CH---X interaction seen in 4CP2:HMT is also present in
this case with a CH---Br distance of 3.332 A (Figure 1.9b). The three-dimensional arrangement is
also composed of stacked chains of each molecule (Figure 1.9c).

41P:HMT
The 41P2:HMT cocrystal presents the only structure where halogen bonds with the acceptor were
found. The asymmetric unit is still only composed by two 4IP molecules forming hydrogen bonds
with HMT with distances of 2.743 A and 2.808 A (Figure 1.10a). One of the iodine atoms
participates in a halogen bond with HMT with a N---1 distance of 3.040 A (Figure 1.10b). The
second iodine atom is pointing to a hydrogen atom of HMT with a CH---1 distance of 3.200 A. The
three-dimensional arrangement is also composed of stacked chains of each molecule (Figure 1.10c).

Quantum Chemical Calculations

The interaction energy and bond distances between the halogenophenols and DAB for an isolated
adduct in the gas phase were determined using DFT. Fluorine dimers were not considered because
they do not form halogen bonds. This was confirmed because calculations with such types of dimers
did not converge to geometries compatible with halogen bond interactions.
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Figure 1.9. Main packing motifs of 4BP,:HMT cocrystal. a) asymmetric unit, b) bromine-hydrogen interaction, c)
three-dimensional packing motif.

a) b)

Figure 1.10. Main packing motifs of 4IP,;HMT cocrystal. a) asymmetric unit, b) halogen bond interaction, c)
three-dimensional packing motif.

The results are summarized in Table 1.4 and illustrated in Figure 1.11. The interaction energies
are expressed as dissociation energies (-Eint) so that higher values correspond to stronger
intermolecular bonds. From these results it can be concluded that:

(i) HB are the strongest interactions (60 < -Eint< 67 kJ-mol?) followed by the XB with the nitrogen
acceptor (10 < -Eint< 30 kJ-mol-1), and halogen-halogen bonds (1.7 < -Eint< 7 kJ-mol-1).
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(ii)

(iii)

The N---X halogen bonds are the most sensitive to the change in halogen atom with differences
amounting up to 16 kJ-mol-1. Despite HB showing higher absolute sensitivity to the nature of the
halogen, X:--X show a much higherrelative change in -Eint, as the Eint for X---X dimers more than
triplicates along the series chlorine, bromine, iodine.

The change in relative position of the hydroxyl group and the halogen atom changesthe -Eintvalue.
As the substituents get closer in thering, the -Eint value becomes higher for all types of interaction.
This change is, however, more pronounced going from the metato the ortho substituted rings than
from the para to the meta substituted rings (see Table 1.4).

The results for the bond distances reveal similar trends as Eint. Indeed, the bond distance results
suggest that:

(i)

(i)

(iii)

The hydrogen bonds have the smallest bond distances (2.697 < do-~ < 2.723 A) followed by the
N--X halogen bonds (2.967 <dx-~<3.084A) and finally halogen-halogen bonds
(3.556 < dx-x < 3.846 A).

The halogen-halogen bonds are the most sensitive to the change in halogen atom. This result has,
however, to be weighed with the change in the van der Waals radii of the different halogen atoms,
which increases by 0.04 A from chlorine to bromine and by 0.18 A from bromine to iodine.3® None-
theless, the change in halogen atoms produces a higher difference in both dx..~and dx.-x than the
van der Waals radii difference.

Changingthe relative position of the hydroxyl group and the halogen atom in the donor molecule
produces the same trend observed for Eint: as the substituents get closer the bond distances get
smaller. The exceptions to thistrend are the dx.-xand dn.-x distances for the iodo substituted donor
molecules.

Table 1.4. Interaction energies, -E;,, and interaction distances between halogenophenols-DAB dimers and
halogenophenols- halogenophenols dimers.

~Eint /kJ-molt d/A
4FP | 60.99 2.723

4CP | 62.87 10.64 1.73 | 2.714 3.084 3.558
4BP | 63.74 1560 3.08 | 2.714 2997 3.593
41P | 63.69 26.04 6.02 | 2.717 2.995 3.837
3FP | 61.52 2.719

3CP | 63.88 11.12 2.07 | 2.708 3.004 3.556
3BP | 6292 16.13 3.32 | 2.708 2.989 3.583
3IP | 63.74 2725 6.16 | 2.717 2970 3.841
2FP | 64.56 2.702

2CP | 65.57 12.90 2.697 2.977

2BP | 65.95 18.44 4.28 | 2.688 2.967 3.569
2IP | 66.48 29.27 6.98 | 2.697 2.985 3.846
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Figure 1.11. Graphical representation of the interaction energies between the halogenophenols and DAB following the
different interaction types, OH--*N, N--X and X:--X

Cocrystal Formation Reactions Monitored In Situ and in Real Time by
Synchrotron PXRD

The kinetics of the reaction of 4IP and 4BP with DAB were analyzed trough in situ synchrotron
PXRD (Figure 1.12). The products obtained during these experiments matched the ones previously
found in the cocrystal screening. The results show that the kinetics of cocrystal syntheses are very
fast: for 4IP:DAB the reaction was complete after 7 scans (~40 s); for 4BP:DAB the reaction was
complete after 8 scans (~46 s). Since the reaction times are very short, the obtained data were not
sufficient for a quantitative determination of rate constants. These preliminary results were,
nevertheless, useful to plan new and more effective experiments to be carried out when beamtime
is available. Indeed, the results suggest that an increase in reaction time can be achieved if lower
milling frequency and lower temperature are used.
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Figure 1.12. In situ real time PXRD of the reaction of 4IP with DAB (left) and 4BP with DAB (right).
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1.4 Conclusion

The cocrystal screening, through mechanochemistry, with both HB and XB donor molecules and
acceptor molecules resulted in 25 new cocrystals (3 with PYR, 11 with DAB and 11 with HMT)
and the replication of 3 previously described cocrystals. A molar ratio of 2 donor molecules to 1
acceptor molecule was used. The structure of 6 of these cocrystals was determined, namely,
3CP2:DAB, 3BP2:DAB, 4IP2:DAB, 4CP2z:HMT, 4BP2:HMT and 4IP2:HMT (previously
determined). All structures determined revealed that both hydroxyl groups were involved in a HB
with the acceptor molecule, while the halogen atom was only involved in a XB with the acceptor in
the 41P2:HMT cocrystal. Nonetheless, the 41P2:DAB cocrystal revealed a structural motif with 3
halogen-halogen bonds, namely two of type | and one of type Il, despite the main motif being
composed of two hydrogen bonds.

The quantum chemical calculations of the interaction energies and bond distances between
halogenophenols and DAB showed that:

(i)  Dimers involving Fluorine did not form XB.

(i)  HB is the strongest interaction, followed by XB with the acceptor molecule and finally the
halogen-halogen bond. The same effect is seen for the bond distances with stronger interac-
tions resulting in smaller bond distances.

(iii)  The change of the halogen atom has a higher impact on the strength of the N---X interaction
followed by the X:--X interaction and finally the hydrogen bonded dimers. Nonetheless the
impact on the distance is the highest for the X---X dimers followed by N---X dimers and finally
hydrogen bonded dimers.

(iv) Changing the relative position of the hydroxyl group to the halogen atom in a ring has an
impact on the strength of all types of interactions with a larger effect being observed on going
from metato ortho than from para to meta substituted molecules. The same trend in seen for
bond distances with the exception of the dx--xand dn--x distances for the iodo substituted donor
molecules.

The preliminary in situ and real time monitoring of cocrystal formation reactions by synchrotron
PXRD revealed that the 4IP+DAB and 4BP+DAB systems react both very rapidly (<1 min) in the
experimental conditions used.
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Chapter 2
On the Stability of
Celecoxib-Tramadol-HCI:
Cocrystal versus Amorphous
Nanoparticles
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2.1 Introduction

For a solid oral drug product to reach the market, it must contain an active pharmaceutical
ingredient (API) that is both chemically and physically stable and has sufficient solubility in the
gastrointestinal tract to enable absorption.36:37 In view of these prerequisites, many promising drugs
never reach the market because of poor bioavailability originated by low solubility. In fact, it has
been estimated that about 90% of all compounds in today’s pharmaceutical drug delivery pipelines
are poorly soluble in water.3® The efficacy of a drug can, normally, be optimized by changing the
APl molecular structure or its formulation. Changing the molecular structure is frequently not an
option, because it implies the development of a new drug that is costly and time-consuming. For
this reason, there is an increasing interest in new and better methods to improve the properties of
an API (e.g., solubility) that are critical for achieving an adequate and controllable bioavailability.

Crystal engineering has, over the years, introduced many methods to manipulate the organization
of molecules in a solid form, enabling the improvement of solubility and other properties of a
compound without changing the structure of the main building unit. Some examples are the
formation of cocrystals,3® salts,*? nanoparticles,*041 metastable polymorphs, and amorphous forms.42

Cocrystals have emerged as one of the most promising crystal engineering approaches to
improve the properties of functional materials. Due to the practically limitless possibilities of
molecular combinations, cocrystals provide a means to tune the properties of functional materials
that are relevant for diverse industrial sectors such energetic materials, agrochemicals, and
particularly pharmaceuticals. To avoid performance loss and shorter shelf-life, pharmaceutical
companies generally avoid commercializing drugs based on metastable forms. Thus, within this
scope, cocrystals are generally preferred over nanoparticles, amorphous forms, and metastable
polymorphs, because they offer the opportunity to improve both stability and solubility, while in
for other approaches solubility increase is often accompanied by a stability decrease. The use of
metastable materials requires unequivocal proof that a kinetic barrier hinders their transformation
to thermodynamically more stable forms. For this reason, evaluating the thermodynamic and kinetic
stability of new APIs and understanding how they can be tuned by various methodologies is a crucial
factor for an effective drug development process.

The thermodynamic stability of a cocrystal (AB) relative to decomposition into the precursors
(A and B) can be determined from the standard molar Gibbs energy change, A:G°m, of the reaction:

AB(s) = A(s) + B(s) (2.1)

On thermodynamic grounds the AB cocrystal will be stable if A\G°m > 0 for reaction (2.1) or, in
other words, has no tendency for spontaneous decomposition into the precursors.4® The opposite is

true for ArG°m < 0. The value of AG°m includes an enthalpic (ArH°m) and an entropic (ArS°m)
contribution:

A.GS = AHE, — TASS, (2.2)

There is evidence, however, that thermodynamic stability is, in most cases, determined by the
enthalpic term,*445 which reflects only the change in lattice energy of the cocrystal relative to its
precursors. This is a relevant aspect when comparisons with theoretical predictions of cocrystal
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stability are intended, because computations normally provide the lattice energy difference
associated with reaction (2.1), albeit often based on electronic energies at 0 K.

Currently there is limited experimental information regarding stability cocrystals measured in
terms of Gibbs energy and its enthalpic and entropic components. In addition, the comparison of
the stability of crystalline with amorphous forms or the impact of the particle size on stability are
seldom evaluated on thermodynamic grounds. One further aspect is the fact that the lack of
experimental information poses a serious limitation for the development and validation of
theoretical methods used to study cocrystals and predict their stability.

Recently, a new cocrystal combining the APIs tramadol hydrochloride (THC, used to treat
moderate to severe pain) and celecoxib (CEL, an anti-inflammatory drug) was reported,* that
presented favorable physicochemical properties and dissolution profiles for application in dual
therapy.#” This cocrystal, used for the bimodal treatment of pain, has recently been approved by the
FDA and is sold under the tradename Seglentis. Following this work, O’Sullivan et. al.,*® reported
the production of CEL:THC coamorphous and cocrystalline nanoparticles obtained by
supercritical COz-assisted nano-spray drying. There is, however, no information on the stability of
these materials and how it compares to the stability of a cocrystal produced trough crystallization
from solution. The change of thermodynamic stability with the particle size has also not been
evaluated.

In this work, we studied different methods to produce tramadol hydrochloride and celecoxib
cocrystal, employing mechanochemistry, crystallization from solution and crystallization from
melt. Subsequently, we analyzed the thermal behavior of the cocrystal samples, including the
recently described coamorphous and cocrystalline nanoparticles. The focus was the determination
of the thermodynamic stability of these samples, to highlight the effect that these three strategies,
cocrystals, amorphization and nanoparticles, have in the thermodynamic stability of the solid forms.
This approach allowed usto gain a deeper understanding on how the different strategies to improve
the properties of a drug can affect the stability of the different solid forms.
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2.2 Materials and Methods

Materials

Tramadol-HCI (THC, Sigma-Aldrich, >99.0% HPLC), celecoxib (CEL, Baoji GuoKang
Bio-Technology Co. Ltd., 99.7%), isopropanol (IPA, Honeywell, >99.8% GC) and dimethyl
sulfoxide (DMSO, ThermoScientific, 99.9%) were used as received. Coamorphous nanoparticles
and cocrystalline nanoparticles of CEL and THC were provided by Luis Padrela at the SSPC
Research Centre, (Bernal Institute, University of Limerick, Ireland) and stored beside silica beads
at 255 + 2 K.

Note that the calculation of all molar thermodynamic quantities was based on the molar masses
M(CEL) = 381.373 g-mol1, M(THC) = 299.83 g-mol-! and M(CTC) = M(COA) = 681.219 g-mol-1,
obtained from the 2013 standard atomic masses recommended by the IUPAC Commission.*® The
assignment of uncertainties according to literature procedures was previously detailed.%0

Synthesis of Celecoxib:Tramadol-HCI Cocrystal (CTC)

CTC was first obtained by mechanochemistry using a vibration ball mill (Pulverisette 23,
Fritsch). Typically, CEL (61.02 mg, 0.16 mmol) and THC (47.97 mg, 0.16 mmol) were ground for
30 min, at 30 Hz frequency, inside a 10 cm? stainless steel jar containing two 10 mm diameter
stainless steel balls. The experiments were carried out with the addition of 10 uL of isopropanol.
The PXRD pattern agrees with the with the previously reported structure of CTC by Almansa
et. al..*6

To produce a larger amount of CTC, crystallization from solution was used. In this case,
353.82 mg (1.18 mmol) of THC and 450.02 mg of CEL (1.18 mmol) were added to 4 mL of IPA
with stirring. The solution was heated until complete dissolution and then allowed to slowly cool to
60 °C over ca. 2h. Once at 60 °C the solution was seeded with a small amount of CTC, produced
by mechanochemistry, and subsequently allowed to slowly cool to room temperature (ca. 298 K)
and further cooled to 0 °C with a cryostat bath. The resulting solid was filtered and vacuum dried
for 12h.

The heating of a physical mixture (PM) of CEL and THC to produce CTC was also tested. An
equimolar PM was placed on an PXRD aluminum sample holder and characterized by PXRD bhefore
and after being heated on a hotplate at 423 K for 5 min.

Powder X-Ray Diffraction (PXRD)

The PXRD experiments were carried out as described in the Powder X-Ray Diffraction (PXRD)
section (page 5).

Thermogravimetry (TG)

TG experiments were carried out on a Perkin EImer TGA7 apparatus. The samples with an initial
mass of 5-11 mg were placed in an open platinum crucible and subject to a temperature ramp at
5 K:min-, in the range 298-773 K. The balance chamber was kept under a nitrogen flow
(Praxair 5.0) of 38 cm3-min-l. The sample purge gas was nitrogen (Praxair 5.0) at a flow rate of
22.5 cm3-min-l, The mass scale of the instrument was calibrated with a standard 100 mg weight and
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the temperature calibration was based on the measurement of the Curie points (Tc) of alumel alloy
(Perkin-Elmer, Ts = 427.35 K) and nickel (Perkin-Elmer, 99.99%, Tc = 628.45 K) standard

reference materials.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry experiments were performed in the range 298-460 K, on a
DSC7 from Perkin Elmer. The Pyris V. 7.0.0.0110 software package was used for instrument control
and data acquisition. The samples with a mass of 2-5 mg were sealed in aluminum pans and weighed
in a Mettler XP2U ultra-microbalance (+£0.1 pg precision). All experiments were carried out at a
heating rate of 5 K-min-1, under a dynamic nitrogen (Air Liquide N45) atmosphere (30 cm3®min-!
flow rate). The temperature and enthalpy scale of the apparatus were calibrated at the same heating
rate by using indium (Perkin Elmer, 99.999%, Tws = 429.75 K, Ansh® =28.45 J-g1) and zinc
(Perkin-Elmer, 99.999%, Trs = 692.65 K, Afush® = 107.5 J-g1).

Hot Stage Microscopy (HSM)

Hot stage microscopy experiments were performed with an Olympus BX51 polarizing optical
microscope equipped with a Linkam LNP hot stage and Linkam TMS94 programmable temperature
controller. Images were recorded at selected temperatures using a digital Olympus SC30 video
camera. The sample was heated from 298 K to 418 K at a heating rate of 15 K-min-1, then cooled to
298 K and heated a second time to 443 K at a rate of 5 K-min-1,

Solution Calorimetry

Enthalpies of solution in DMSO, at 298.15 K, were measured with a LKB 2277 Thermal Activity
Monitor (TAM), shown in Figure 2.1. A in-house designed 15.0 cm3 stainless steel cell equipped
with stirring, dissolution and electrical calibration systems was used, schematized in Figure 2.1.51
Instrument control and data acquisition were performed with the CBCAL 3.0 program. In a typical
experiment, 7-14 mg of sample, contained in an aluminum crucible, was weighted in a Mettler
XP2U ultra-microbalance (0.1 pg precision) and placed in the sample holder of the calorimetric
cell. Approximately 17 g of DMSO or an appropriate solution were introduced in the cell body and
weighed using a Mettler XS 205 balance (£10 pg precision). The cell was assembled and transferred
to the thermostat unit. The dissolution process was started by dropping the crucible into the solvent
after recording a suitable baseline. The corresponding enthalpy change was calculated from:

M
AsolHr‘;n ZEE(A_Ab) (2.3)

_Q
£ = (2.4)

where m and M represent the mass and molar mass of sample, respectively; A isthe area of the curve
corresponding to the dissolution process; Av is the contribution to the measured area due to crucible
drop; and ¢ is the energy equivalent of the calorimeter. An average value of A, was determined by
performing several blank experiments where an empty crucible was dropped into the solvent. The
energy equivalent of the calorimeter, & was obtained from a series of electrical calibrations where
a potential difference V was applied to a 22 QQ manganin resistance immersed in the calorimetric
liquid, causing a current of intensity | to flow during a pre-selected time t.
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Figure 2.1. LKB 2277 Thermal Activity Monitor (left). Scheme of the calorimetric cell (right): 1 cell vessel; 2 cell lid;
3 stirrer; 4 calibration resistance; 5 sample-drop system; 6 cell body; 7 stirring motor housing; 8 stirring motor; 9 handle
that moves the bottom part of the sample-drop system.

This process led to the dissipation of an amount of heat Q = VIt inside the calorimetric cell,
reflected by a measured curve of area Ac. The accuracy of the electrical calibration was found to be
better than 0.5% by determining the enthalpy of solution of KCI in water.52

Solubility Measurements

Solubility was determined by Aaron O’Sullivan at the SSPC Research Centre, University of
Limerick. In a typical experiment 200 mg of solid was equilibrated in 4 cm3 of isopropanol for 24h.

After equilibration the excess solid was allowed to settle, and the saturated solution was analyzed
by HPLC.
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2.3 Results and Discussion

Synthesis of CTC and Coamorphous nanoparticles

The first method to synthesize CTC used ball milling of a THC and CEL physical mixture
(PM).46 The comparison of the PXRD results with the PXRD simulation from the published
structure*® confirms that the product match (Figure 2.2). Nonetheless, the PXRD pattern of the
obtained sample shows some small signals due to the precursors, namely at 18° (26). These results
are expected since ball milling is a highly heterogeneous process. The PXRD pattern for the sample
produced through solution crystallization did not show signals from the precursors. Moreover, the
signals from this sample showed a higher intensity than the ones from the sample produced by ball
milling. This can be an indication of the higher crystallinity of the sample due to larger and/or better
crystals.

The heating process of a PM of CEL and THC was investigated to examine the production of
CTC. Initially, PXRD of the PM showed a combination of signals from the precursors, however,
upon heating to 423 K, there was a change in the sample morphology (Figure 2.3), even though the
melting point of the pure compounds or CTC was not reached. After cooling, the PXRD analysis
revealed a combination of signals from both the precursors and CTC (Figure 2.2).

The coamorphous samples produced in Ireland trough spray drying showed only amorphous
halos in the PXRD pattern, confirming their amorphous nature (Figure 2.2). The cocrystalline
sample produced by spray drying showed peaks with a small intensity but corresponding only to
the CTC sample, albeit less intense than the cocrystal produced trough solution crystallization. The
nanosized samples were also previously analyzed using scanning electron microscopy, SEM.* The
results, presented in Figure 2.4, show that the amorphous particles present a spheric morphology
with no crystal-like features, and confirm the different particle sizes of the two amorphous samples
and the needle-like morphology of the crystalline sample. The particle sizes of previously
synthesized samples*® are presented in Table 2.1.

The sample identification codes are as follows:

CTC CEL and THC cocrystal produced trough crystallization

CEL and THC cocrystal produced trough COz-assisted

CTC(SD) nano-spray drying

CEL and THC coamorph produced trough CO2-assisted

COA300 nano-spray drying (particle size 300 nm)

CEL and THC coamorph produced trough CO2-assisted

COA300 nano-spray drying (particle size 900 nm)
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Figure 2.2. Comparison of the PXRD results (normalized intensity values) for CTC produced trough spray drying,
CTC(SD), crystallization from solution, CTC(crist), mechanochemistry, CTC(mec), physical mixture (PM), physical
mixture after heating to 423 K, PM(heat), THC, CEL, coamorphous samples with particle sizes of 300 nm, COA300,
and 900 nm, COA900 and simulated powder pattern from CTC cocrystal structure (refcode:CUZVIE).

Figure 2.3. Morphology of the PM sample before (left) and after (right) heating to 423 K.

Table 2.1. Particle size measurement results.48

Sample Particle Size /nm
COA300 300 £ 50
COA900 890 + 170
CTC(SD) 1160 + 220
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Figure 2.4. SEM images of COA900 (top left), COA300 (top right) and CTC(SD) (bottom).48

Thermal Analysis

TG and DSC
The results of the TG and DSC experiments on CEL, THC, CTC, COA900, COA300, CTC(SD)
are illustrated in Figure 2.5. The values of the onset temperatures of the mass loss processes
obtained by TG, and the fusion onset temperatures and fusion enthalpies obtained by DSC are
summarized in Table 2.2. The uncertainties correspond to the standard error of 2 runs for TG results
and 5 runs for DSC results.

The values obtained for the DSC fusion onset temperatures of CEL, THC and CTC are in good
agreement with the results of the literature (437 K for CTC, 434 K for CEL and 454 K for THC).46
The CTC(SD) sample showed very similar results to the CTC sample.

The DSC results of the CEL, THC, CTC, and CTC(SD) samples show no signals other than
fusion. The nanosized coamorphous samples showed a broad exothermic signal before fusion,
which was later assigned to the cold crystallization of the sample to produce cocrystal based on
HSM observations. It is worth noting that the onset temperature of this peak was 15 K lower for the
sample of smaller particle size. This may be associated with the higher instability of this sample
due to the higher surface to bulk ratio of the particles.>® The coamorphous samples revealed a
considerable variability in different runs, as evidenced by the high uncertainty of the average Ton
values.

The fusion enthalpy of the melting peak of the coamorphous samples was lower than the fusion
enthalpy of the pure cocrystal. Moreover, the melting peak of the coamorphous samples resulted in
a higher absolute enthalpy value than the first signal. This, however, must be evoked having in mind
the high standard errors associated with these measurements. If this difference is factual, it can be
evidence that the coamorphous samples produced trough spray drying already possess crystalline
domains.
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Figure 2.5. DSC curves (at 5 K-min1) for CEL, THC, CTC, COA900, COA300, CTC(SD) (top) and the corresponding
TG curves at the same heating rate (bottom).

TG results show that the pure compounds, CEL and THC, have a monotonic behavior with two
different temperature offsets, 577.6 K and 521.5 K, respectively. The binary samples showed a two-
step thermal decomposition suggesting the decomposition of THC followed by the decomposition
of CEL. The onset temperatures were slightly lower than for CEL. Until the second step of the
thermal decomposition the curve profile is very similar for all binary samples, despite this, the
second step shows higher variability with the final mass plateauing at different values following the
order, COA300 < COA900 < CTC(SD) ~ CTC. This series correlates well with the stability
hierarchy obtained in this work (see section Stability of Cocrystals and Coamorphous materials).
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Table 2.2. Values obtained for the onsets of the mass loss processes obtained by TG, fusion onset temperatures and
fusion enthalpy both obtained by DSC.

Sample Ton/K (mass loss) Ton/K (fusion)  AssHm/kJ-mol-1

CEL 577.6 £10.1 435.06 £ 0.04 36.5+0.1

THC 521.5 £12.8 4535 +0.1 354 +£0.1

CTC 5129 +1.2 438.1 £0.1 62.5+ 1.3

COA300 (15t signal) 380.2 +8.5 -46.4 + 6.0
) 497.3 £0.2

COA300 (2 signal) 437.0 £0.2 50.1+0.5

COA900 (1t signal) 394.0 +4.1 -49.9 2.7
) 508.1 £7.1

COA900 (2" signal) 437.4 £ 0.6 51.5+0.5

CTC(SD) 497.1 £3.1 438.6 + 0.6 62.4 + 0.8

HSM

The coamorphous sample with particle size of 900 nm was analyzed by HSM. The results,
illustrated in Figure 2.6, complement the DSC observations and the observations from Figure 2.3.
The initial heating to 418 K showed the amorphous sample liquifying from 363 K (Figure 2.6b) to
383 K (Figure 2.6¢). Immediately after, the sample crystalized up to 393 K (Figure 2.6d and
Figure 2.6e). The second heating cycle showed the crystallized sample melting in the temperature
range of 427-444 K (Figure 2.6f) and after cooling the formation of small crystals (Figure 2.6g).
Unlike the first crystallization, the second one did not occur for all the samples, and after reaching
room temperature (298 K), some amorphous regions were still present.

Stability of Cocrystals and Coamorphous materials

To determine the thermodynamic stability of the produced crystalline and amorphous materials,
a combination of calorimetric and solubility measurements was performed. As presented in the
Introduction, the thermodynamic stability was evaluated based on the reaction:

THC: CEL(cr/am) —» THC(cr) + CEL(cr) (2.5)

The enthalpy of reaction (2.5), A.H;(2.5), was obtained from solution calorimetry
measurements. The corresponding Gibbs energy, A.Gs (2.5) was determined from solubility
measurements. The entropic factor, TA.S;(2.5), was derived from both types of results using
equation (2.2).

Solution calorimetry
To determine the enthalpic factor of Equation 2.2 enthalpies of solution of different materials
were measured using solution calorimetry. The measured processes were the following:

THC: CEL(cr/am) + nDMSO (1) — (THC + CEL + nDMSO0) (sln) (2.6)
THC(cr) + nDMSO(1) — (THC + nDMSO0) (sIn) (2.7)
CEL(cr) + (THC + nDMSO0)(sln) — (THC + CEL + nDMSO0) (sln) (2.8)

where n is the amount of DMSO used in the experiments per mol of dissolved material.
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Figure 2.6. HSM images under 200x magnification, using crossed polarizers (except images c. and g), of the cold
crystallization of COA900 sample and the subsequent fusion of the crystallized sample. The approximate temperature at
which the images were taken are in the lower right corner.

Equations 2.6-2.8, lead to:
ArHy, (2.5) = Dso1 i (2.6) = Dso1Hm (2.7) — Ago1Hiy (2.8) (2.9)

The obtained enthalpies of the processes in equations 2.6-2.8 (shown in Table S 1to Table S 6)
are summarized in Table 2.3 along with the corresponding enthalpies of reaction 2.5. The area

contributed by the drop processed , Ap, is 15.913 + 0.574 mV's.
The A Hy,(2.5) results show that:

(i) Only the cocrystal sample produced by crystallization from solution gave an endothermic
decomposition reaction. This indicates that on enthalpic grounds the lattice enthalpy of CTC is
larger than the combined values of its precursors and the opposite occurs for CTC(SD), COA300,
and COA900. Thus, only the formation of the cocrystal trough solution crystallization leads to an
enthalpic stability advantage relative to the precursors.
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(i) The enthalpy of reaction (2.5) decreases (becomes more negative) as the particle size
decreases. This is the expected trend, since the increase of the surface to bulk ratio as the particle
size decreases, leads to lower thermodynamic stability.>

Table 2.3. Enthalpies of solution and reaction at 298.15 K (data in kJ-mol1).

CTC CTC(SD) COA300 COA900
AsolHron (2-7) 7.08 + 0.49
Ago1Hy, (2.8) 0.78 + 0.22

Ago1Hpy (2.6) 12.75 £0.23 6.17 £ 0.36 -17.00 £ 0.83  -15.59 =+ 0.63
AHp,(2.5) 4.89 + 0.58 -1.69 £0.48 -24.86 +£0.89 -23.45 £ 0.71

Enthalpy of dissociation recuring to DSC
A common methodology to measure the dissociation enthalpy of cocrystals is the use of DSC to
obtain a fusion enthalpy of a physical mixture of the cocrystal precursors PM and of the cocrystal
itself.5> This processes, includes the additional energy needed to cool and heat the components, and
can be arranged in a thermodynamic cycle in order to determine the cocrystal dissociation enthalpy
(Figure 2.7). In this work, this methodology was also applied to obtain the enthalpy of reaction 2.5
based on the equation.

A Hp (2.5) = ApyHpy (A) [process a] — Agysy mix Hm (PM) [process d] (2.10)

This process assumes that the enthalpy associated with heating the cocrystal to the melting
temperature (i.e. process a in Figure 2.7) is equal to the energy released when the components are
cooled (i.e. processes ¢ and e in Figure 2.7):

T
CpadT [process c] + f (C;_CEL + CS'THC)dT [process €] (2.11)

Tm,CEL+THC

Tm,CEL+THC

Tm,A
f C;_AdT [process a] = J.
T Tm,A
where A corresponds to the cocrystal/coamorph, Tma and TmceL+THc the melting temperatures of
A and the physical mixture, respectively, C; ., C5cga@nd €5y, are the standard molar heat capacities

the cocrystal/coamorph, CEL and THC, respectively, and c,, the heat capacity of the
cocrystal/coamorph material in the liquid state.

The obtained fusion enthalpies are summarized in Table 2.4 along with the corresponding enthalpies
of reaction 2.5.
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THC: CEL(cr/am, 298 K) —> THC(cr, 298 K) + CEL(cr, 298 K)

Figure 2.7. Thermodynamic cycle for cocrystal dissociation and respective processes in the cycle

Table 2.4. Enthalpies of fusion and reaction at 298.15 K (data in kJ-mol-1)

CTC CTC(SD) COA300 COA900
Dfystmix Hm (PM) 38.9 + 3.6
AgysHpn (A) 625+13  62.4+08 3.8+6 16+27
AH;, (2.5) 235+38 235+37  -352+7 -37.4+45

Comparing the values obtained through solution calorimetry and DSC major differences can be

noted:

(i) TheDSC resultsshowed identical results, ArHm(2.5), for the two crystalline samples and gave
a higher stability, on enthalpic grounds, than the results from solution calorimetry. In fact, the insta-

bility, ArHm(2.5) < 0, noted for CTC(SD) by solution calorimetry was not detected by DSC.

(if) In contrast, for the coamorphous samples, if the combined uncertainty intervals are disre-
garded, the ArHm(2.5) vs. particle size trend observed through solution calorimetry was captured with
thereverse behavior, albeit being significantly more negative ArHm(2.5). Here, the smaller particles
showed a higher enthalpy value, meaning that they are more stable. This fact, however, must be
weighed up with the large error associated with these values, which translates into an inability to

establish a particle size/stability relationship from the DSC results.

(iii) Data obtained by the two methods only confirms the fact that the coamorphous samples pre-

sent a higher instability (ArHm(2.5) <« 0) than crystalline materials.
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(iv) Finally, the DSC experiments seem to overestimate the ArHm(2.5) obtained through solution
calorimetry.

The difference between the solution calorimetry and the DSC results must be systematically
addressed. In this work a preliminary study is made to compare both methods. Nonetheless, several
approximations were made for the DSC methodology.

Solubility measurements
The knowledge of a compound equilibrium solubility can be correlated with the Gibbs energy
of the dissolution process:*3

AdiSS Gr;l =—RT In Ksp (2 12)

Using this concept, we determined the Gibbs energies of the following processes at
298.15 + 0.10 K through solubility studies:

CEL(cr) = CEL(sln) (2.13)

THC(cr) = THC(sln) (2.14)

CTC(cr) = CEL(sln) + THC(sln) (2.15)
CTC(SD)(cr) = CEL(sln) + THC(sln) (2.16)
COA300(am) = CEL(sln) + THC(sln) (2.17)
COA900(am) = CEL(sln) + THC(sln) (2.18)
CEL(cr) + THC(cr) = CEL(sln) + THC(sln) (2.19)

The equilibrium solubilities are presented in Table 2.5. It should be noted that aside from
equilibrium solubilities, a preliminary dissolution kinetic study was conducted for COA900 to
confirm that the coamorphous sample did not decompose into the precursors or crystallized in
contact with the solution. This test gauged if solubility values could be traced to the amorphous
solid and be included the thermodynamic analysis. The results are illustrated in Figure 2.8.

Furthermore, the stoichiometric coefficient, which accounts for the incongruent dissolution of
the two compounds, was obtained as:

n, —-—n
a= CEL THC (220)

NcEL

where nceL and nthc are the amounts of substance of CEL and THC, respectively, present in
solution. This value increases if dissolution is less congruent, it is equal to O for a congruent
dissolution.

The Gibbs energy of reaction 2.5 was obtained from:
1-a
<XCEL> (xTHC> ] (2.21)
xceL/ \Xtuc
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Based on the solubility measurements corresponding to equations 2.13 to 2.19. In equation (2.21),
whose derivation can be found elsewhere,5¢ xceL and xTtHc represent the mole fractions of CEL and
THC, respectively, in equilibrium with the cocrystal, and x’ceLand x’tHc represent the mole
fractions of CEL and THC, respectively. The preliminary dissolution rate measurements
(Figure 2.8) show that the dissolution of the COA900 sample increases very rapidly butimmediately
after the first measurement (t = 30 s) the solution concentration starts dropping. This indicates that
the coamorphous samples are not stable in contact with the solution and immediately start
crystallizing. We cannot, therefore, use the solubility values for these samples to extract A.G2 (2.5)
from solubility measurements.

Table 2.5. Solubility and Gibbs free energy results. Uncertainties correspond to twice the standard error of 3 runs.

CTC CTC(SD) COA300 COA900 PM
XceL (x109) 0.95+£0.03 0.86 £ 0.02 1.07+0.03 0.98+0.01 0.91 £0.03
XTHe (x103) 0.79+£0.02 0.79+£0.02 0.76 £ 0.06 0.66 £ 0.02 0.69 £ 0.05
X'ceL (%109) 2.78 £0.02
X'tHe (X103) 2.95+0.11
a 0.17 £ 0.03 0.08 £ 0.05 0.29+£0.06 0.33+0.02 0.24 £ 0.06
A.Gy /kJ-mol? 54+15 5924 - - -
2.5 55
_._._4_._________._._-—-—'—'_'_'_'_._' 7 L
1.8 . . .
16 [l
2 : ia | — - .
. * . 1.2
— '.. - 1 L L l-'_'-’u L
P 1.5 --._ . . }1,_2#345
x .
Yo :
0.5 |- —*—THC
+— CEL
G L L
0 20 40 60
t /min

Figure 2.8. Preliminary dissolution profile for the COA900 sample.

The solubilities of all samples that included both components are much lower than those of the
pure components. In addition, all these samples showed similar values, which were all very close
to the CTC solubility. This can be an indication that in contact with the solvent all samples start
crystallizing. Because of this, Gibbs free energy was only calculated for the crystalline samples,
i.e. CTC and CTC(SD), which gave similar results within the experimental error. None of the
samples presented a congruent dissolution, with CTC(SD) (a = 0.08 £ 0.05) being the closest and
COA900 sample (a = 0.33 £0.02) furthest from congruent dissolution. The a value for the latter
was very close to the that obtained for the COA300 coamorphous sample (a = 0.29 + 0.06).
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Energetics overview
The thermodynamic results obtained from solution calorimetry and solubility measurements lead
to TAS°m(2.5) = -0.51 + 1.57 kJ-mol? for CTC and TArS°m(2.5) = -7.6 £ 2.4 kJ-mol! for CTC(SD).
If, instead of the enthalpy of reaction results from solution calorimetry, we use the values obtained with
the DSC methodology, thistrend would not be seen, and the entropic contribution would be positive for
both samples.

Figure 2.9 summarizes the obtained thermodynamic results which show that the dissociation
reaction of both crystalline samples is endergonic (A/G°m > 0, at 298.15 K). It indicates that they
are thermodynamically stable relative to the decomposition into the individual precursors.
Nonetheless, the two crystalline samples exhibit different types of stabilization. More specifically
the stabilization of the CTC sample is of enthalpic nature (ArH°m > |TA:S°m|) while that of CTC(SD)
is of entropic nature (ArH°m < |TA:S°m|). These results can be rationalized based on the surface to bulk
ratio associated with the different particle sizes, as the particle gets smaller the surface to bulk ratio
increases. Since the surface of a particle is more unstable than the bulk the smaller particles present
lower internal energy. Moreover, smaller particle sizes exhibit higher disorder, resulting in an higher
entropy state.

15.0
_ AG®,, AHC,, TASm
— 10.0 -

2
2 5.0 -
-£ 0.0
\
S -5.0 A

=
OI,__1O'0 .
<.15.0 -
OE
O i
d—'zo-o _CTC

CTC(SD) II:%
25.0 1 —coaso
300 —— COA900

Figure 2.9. Comparison of the Gibbs energies, enthalpies, and entropies of reaction 2.5.
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2.4 Conclusion

The synthesis of Tramadol hydrochloride:Celecoxib cocrystal was successfully performed using
ball milling, crystallization from solution, and crystallization from melt. Thermal analysis of these
crystalline samples, the precursors, and coamorphous and cocrystalline nanoparticles produced in
Ireland by spray drying as previously described,*® was performed using TG, DSC and HSM. TG
results showed similar behaviors for all bicomponent samples that revealed a behavior in-between
those of the two precursors. DSC results agree with literature for the previously described materials.
All crystalline samples show only one signal, and the coamorphous samples show a broad signal
before fusion, at ~390 K, which was confirmed to be cold crystallization of the cocrystal that
subsequently melts.

The thermodynamic stability of these materials was studied relative to the decomposition into
the precursors. The enthalpic factor of the Gibbs energy was determined using both solution
calorimetry and DSC measurements. Solution calorimetry revealed that, on enthalpic grounds, the
cocrystal produced trough solution crystallization was stable, the cocrystal produced trough spray
drying was marginally unstable, and the coamorphous nanoparticles were more unstable, with the
smaller nanoparticles showing a slightly higher instability than the larger size nanoparticles. The
same measurement made through DSC showed that, on enthalpic grounds, the two cocrystalline
samples are equally stable and the coamorphous nanoparticles are even more unstable than observed
by solution calorimetry. Furthermore, the relative stability of the latter (smaller particles more
stable) is not coherent and opposite to that given by solution calorimetry. The enthalpy values
obtained by DSC are also considerably higher than those obtained by solution calorimetry. Thus,
overall DSC does not seem to be an adequate method to study the energetics of formation of
Tramadol hydrochloride:Celecoxib materials. The analysis of the overall energetics determined in
this work by solution calorimetry shows that: (i) both crystalline samples are stable relative to
decomposition into their precursors (ArG°m(2.5) > 0); (ii) the stability of the cocrystalline sample
produced through solution crystallization is of enthalpic nature (ArH°m > |[TAS°m|) while that of the
cocrystalline sample produced through spray drying is of entropic nature (ArH®m < |TArS°m|).
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Supplementary Information

Figures S1-S39: Comparison of the PXRD of the products and precursors involved in the

cocrystal screening
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Tables S1-S6: Solution calorimetry results

Table S 1. Solution calorimetry results for the dissolution of THC in DMSO (reaction 2.7),
£=7.236 £0.019 mJmV-1sl

mtic /Mg Mowmso /g Nomso/NtHe  A/MV:s  Asgh /J-gt

7.8472 16.71853 8176 -11.385 25.172
6.1607 16.74061 10428 -6.077 25.828
7.7205 16.78942 8346 -8.541 22.919
7.2005 16.77886 8943 -5.600 21.619
7.0040 16.75556 9181 -5.932 22.569

Table S 2. Solution calorimetry results for the dissolution of CEL in THC:DMSO solution (reaction 2.8),
£=17.342 £0.021 mJ-mV-1s1

mcer / Mg MTHeomso /g Nomso/Nce.  A/mV:s  Asgh /J-gt

8.9059 17.07569 9355.8 12.863 2.514
8.0356 16.80499 10204.7 12.806 2.839
8.8213 16.81767 9302.8 13.458 2.043
6.6147 16.77645 12375.7 14.546 1.517
8.9014 16.79718 9207.9 14.311 1.321

Table S 3. Solution calorimetry results for the dissolution of CTC in DMSO (reaction 2.6),
£=7.176 £0.030 mJmV-1sl

m THccer /Mg Mowmso /g Nomso/ NtHccer  A/mV:s  Asgh /J-gt

13.8604 16.75076 10537 -19.025 18.089
14.4042 16.73986 10133 -20.558 18.169
12.8408 16.74563 11370 -16.866 18.318
12.7762 16.71792 11409 -19.250 19.750
12.6724 16.71560 11501 -18.061 19.238
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Table S 4. Solution calorimetry results for the dissolution of COA300 in DMSO
£="7.250 £0.020 mJ-mV-1s1,
M coaso /Mg Momso /g Nomso/ NtHecer  AIMV:S  Agh /J.gt
8.9016 16.73161 16388 51.587 -28.758
9.1968 16.74295 15873 46.118 -23.568
8.4282 16.74692 17325 42.327 -22.49
8.4132 16.75077 17360 47.395 -26.852
8.461 16.72972 17240 43.121 -23.076
Table S 5. Solution calorimetry results for the dissolution of COA900 in DMSO
£=7.250£0.020 mJ-mV-1s1
M coaso /Mg Momso /g Nomso/ NtHocee  AMV:S  Agh 1J-g1
8.2811 16.74969 17635 44,377 -24.666
9.6802 16.75235 15089 50.051 -25.307
10.5928 16.75056 13787 49.373 -22.667
8.8865 16.73034 16415 41.813 -20.915
8.8286 16.71602 16508 41.609 -20.886
Table S 6. Solution calorimetry results for the dissolution of CTC(SD) in DMSO
£=7.250 £0.020 mJ-mV-1s1,
M cresp) /Mg Mowmso /g Nomso/ NtHecer  AIMV'S  Agh 1J-gt
9.3138 16.78105 15709 -0.826 7.812
10.6469 16.77953 13741 -4.681 10.331
9.3895 16.78846 15590 -2.322 8.951
11.1675 16.78724 13107 -1.259 7.985
10.0408 16.80701 14595 -4.261 10.221
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