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The transformation processes of non-solvated ibrutinib into a series of
halogenated benzene solvates are explored in detail here. The transformation
was studied in real time by X-ray powder diffraction in a glass capillary. Crystal
structures of chlorobenzene, bromobenzene and iodobenzene solvates are
isostructural, whereas the structure of fluorobenzene solvate is different. Four
different mechanisms for transformation were discovered despite the similarity
in the chemical nature of the solvents and crystal structures of the solvates
formed. These mechanisms include direct transformations and transformations
with either a crystalline or an amorphous intermediate phase. The binding
preference of each solvate in the crystal structure of the solvates was examined
in competitive slurry experiments and further confirmed by interaction strength
calculations. Overall, the presented system and online X-ray powder diffraction
measurement provide unique insights into the formation of solvates.

1. Introduction

Multicomponent crystals, i.e. salts, cocrystals and solvates,
have been actively researched for several decades in academia
as well as in industry. Academic researchers discovered new
multicomponent crystals and have studied the intermolecular
interactions within the crystal structures. The arrangement of
molecules in crystal structures determines the crystal proper-
ties (Aguiar & Zelmer, 1969; Matsuda et al., 2011; Zvonicek et
al., 2018; Sun & Grant, 2001; Kokubo et al., 1987; Pandit et al.,
1984). Therefore, approaches that can shed new light on
molecular interactions within these crystals and their proper-
ties have received a lot of attention in recent years. These
include both computational and experimental efforts, such as
structure—property relations (Suresh et al., 2015; Stanton &
Bak, 2008; de Moraes et al., 2017; Arlin et al., 2011; Collier et
al.,2006), crystal structure prediction (Price, 2014; Reilly et al.,
2016), intermolecular energy calculations and other types of
calculations (Dash & Thakur, 2021; Musumeci et al., 2011; Issa
et al., 2009; Karamertzanis et al., 2009), or systematic screening
and rational design of multicomponent crystals with desired
properties (Aakerdy & Salmon, 2005; Sladkova et al., 2015;
Desiraju, 1995; Amrutha et al., 2020). Various industrial fields
also contribute to the fast development of multicomponent
crystals. Improvement of physical properties of high-value
chemical products has been demonstrated for agrochemicals
(Nauha & Nissinen, 2011), solid explosives (Bolton et al.,
2012) and in particular for pharmaceuticals (Zvonicek et al.,
2017; Billot et al., 2013; Stanton & Bak, 2008; Schultheiss &
Newman, 2009).
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Tens of thousands of new multicomponent crystals were
discovered since the first reported organic:organic cocrystal
(quinhydrone) back in 1884 by Wohler (1844). The majority of
their crystal structures were solved over time [the crystal
structure of quinhydrone was solved in 1958, long after its
discovery (Matsuda et al, 1958)]. Chemical and physical
properties of new multicomponent crystals are routinely
characterized during the screening process in both academia
and industry, thus quickly epanding the knowledge and
applicability of multicomponent solids.

Despite fast progress in the crystal engineering field and the
ever-growing datasets, the process of multicomponent crystal
formation itself remains inadequately understood. Commonly
used methods for characterization of crystalline materials,
such as powder X-ray diffraction (PXRD), single-crystal X-ray
diffraction (SCXRD), infrared or Raman spectroscopy
struggle to capture the formation and transformation of
multicomponent crystals. The amount of solvent used during
the crystal formation processes poses an obstacle for the
sensitivity of these measurement methods. In addition, the
design of some devices does not allow for online measurement
methods. Furthermore, in cases of fast formation/transforma-
tion processes it can be difficult to obtain data with sufficient
resolution to interpret the results. A flow-through glass
capillary for X-ray measurements was recently introduced
(Rohli¢ek et al, 2020) to overcome some of the above
mentioned limitations. The main advantage of this setup is that
the transformation period can be captured by methods
commonly used to characterize crystalline samples, such as
X-ray diffraction. In this work, the flow-through capillary was
used to study the process of transformation of the pharma-
ceutical ingredient ibrutinib (FDA, 2018; Rozovski et al., 2014;
Young & Staudt, 2014; Puig de la Bellacasa et al, 2014;
Veeraraghavan et al, 2015) into solvates with a series of
halogenated benzenes (Fig. 1) [fluorobenzene (FBZ),
chlorobenzene (CBZ), bromobenzene (BBZ) and iodo-
benzene (IBZ)]. This series was explored due to the similarity
in chemical nature of the guest molecules and their ability to
form multicomponent crystal solvates.

2. Methods and materials

The non-solvated form of Ibrutinib C (Zvonicek et al., 2017,
2018; Purro & David, 2013) was provided by Zentiva k.s. and
used as a starting material in all experiments performed.
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Molecules of ibrutinib and the solvents used (FBZ, CBZ, BBZ and IBZ).
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Solvents were obtained from various suppliers and used as
received.

2.1. Single-crystal X-ray diffraction

SCXRD of BBZ and IBZ ibrutinib solvates was performed
at 95 K using a SuperNova diffractometer with a micro-focus
sealed tube, mirror-collimated Cu Ko« radiation (A =
1.54184 A) and CCD detector Atlas S2. The X-ray diffraction
measurements of the structures of apremilast with phthalic
acid and o-xylene were carried out at 120 K on an Xcalibur,
Gemini ultra diffractometer using Cu Ko radiation (A =
1.54178 A) from a fine-focus sealed X-ray tube with a graphite
monochromator and CCD detector Atlas S2.

The data reduction and absorption correction were carried
out using the CrysAlisPro software (Rigaku Oxford Diffrac-
tion, 2019). The structure was solved by charge-flipping
methods using the Superflip software (Palatinus & Chapuis,
2007) and refined by full matrix least squares on the F squared
value using the Crystals software (Betteridge et al., 2003).
MCE software (Rohlicek & Husak, 2007) was used for
visualization of residual electron density maps. According to
common practice, the hydrogen atoms attached to carbon
atoms were placed geometrically with Ug,(H) in the range
1.2-1.5 U, of the parent atom (C). The structures have been
deposited in the Cambridge Structural Database (CCDC nos.
2166306, 2166307 and 2164831).

2.2. Powder X-ray diffraction

Diffraction patterns of the sample in the flow-through
capillary were collected with the powder diffractometer device
Empyrean of PANalytical, with a Cu Ka X-ray beam (A =
1.542 A, focusing mirror, voltage: 45 kV, current: 40 mA). The
fast scans were measured in the range 5-9° 26 with a step size
of 0.013° 26 and an overall measurement time of 5 min. The
measurement for the structure determination was performed
on a flat sample at 3-80° 20 with a step size of 0.013° 26 and an
overall measurement time of 20 h.

The diffraction patterns of resulting solid samples from
competitive slurries were collected with the Bruker AXS D8
powder diffractometer, a Cu Ko X-ray beam (A = 1.7903 A),
5-40° 26 measured range, 34 kV excitation voltage, 30 mA
anodic current and 0.0196° 26 step size. The measurement was
performed on a flat sample with an area/thickness ratio equal
to 10/0.5 mm. The HighScore Plus (Degen et al., 2014) soft-
ware was used to process the diffraction patterns.

2.3. Differential scanning calorimetry

Samples for differential scanning calorimetry (DSC)
measurements were weighed in an aluminium pan (5-10 mg).
The pan was covered and the measurement was carried out
under a nitrogen gas flow of 50 ml min~'. All the measure-
ments were performed on the DSC 822°, Mettler Toledo
instrument. The range of investigated temperatures was 0 to
300°C at a heating rate of 10°C min~' (amplitude = 0.8°C,
period = 60 s).
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2.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a TG
209, Netzsch instrument. Approximately 10 mg of the sample
was weighed into a ceramic pan and measured under a
nitrogen atmosphere. The TGA measurement was performed
in the approximate temperature range 20-300°C. A heating
rate of 10°C min " was used in all experiments.

2.5. Raman spectroscopy

Samples for Raman spectroscopy were measured in HPLC
glass vials in an FI-Raman RFS100/S spectrometer device
with a germanium detector (Bruker Optics, Germany). The
wavelength of the Nd:YAG laser was 1064 nm. The
measurement range was 4000 to Ocm ', with a spectral
resolution of 4.0 cm™'. Data were obtained at either 64 or 128
accumulations of the measured spectra. The software OPUS
and OMNIC were used to process the Raman spectra.

2.6. Competitive slurry

All combinations of solvents were mixed in equimolar
ratios in HPLC vials. Approximately 150 pl of each solvent
was used. A mass of 100 mg of ibrutinib C was subsequently
mixed with all possible combinations of the solvents. Vials
were placed in a ThermoMixer C shaker at room temperature
and mixed at 600 rev min~"'. Vials were slurried for 48 h. The
slurry was filtered and dried for 24 h at 40°C and 150 mbar.
The prepared samples were analyzed using PXRD to confirm
solvate structure formation and NMR to determine the ratio
of solvents in the solid samples.

2.7. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra were obtained
using a Bruker Advance 500 (Bruker Biospin, Germany) at
500.13 MHz with a 5mm Prodigy probe. Liquid NMR
experiments were performed in dimethylsulfoxide or deuter-
ated. The measurement temperature was 298 K.

2.8. Interaction energy calculations

Several approaches were chosen to estimate the interaction
energy within the crystal structures. Solved solvate structures
and ibrutinib polymorph C were optimized in the CASTEP
program (Clark et al., 2005). Final enthalpies of all optimized
structures were then used to obtain the interaction energies of
the solvates: Eiy = Egoivate — (Eibrutinib + Esolvent)- A different
approach was based on isolated molecules and unit cells using
the Gaussianl6 software (Frisch, et al., 2016). The interaction
energy was obtained with 2Ejy = Egoivate — (Eibrutiniv + Esolvent)-
Finally, crystal elongation energies were estimated using
structures containing optimized unit cells in different direc-
tions (i.e. 2 x 1 x 1,1 x 2 x 1,1 x 1 x 2). Crystal elongation
energies in each direction were established according to the
formula Eelongation =FEci1x1—2E w1 x1-

3. Results and discussion

The ibrutinib solvates used to explore solid-state transfor-
mations were firstly characterized from a crystallographic
point of view. The mechanism and kinetics of the transfor-

mations were studied using X-ray diffraction and comple-
mented by thermodynamic experiments. Furthermore, the
interaction energies of the crystal structures were calculated
and compared with the experimental results.

3.1. Crystallography

To obtain insight into the crystal packing and inter-
molecular interactions, single crystals of all solvates were
analyzed by SCXRD and their structures were solved. Crystal
structures of the CBZ and FBZ solvates have been already
reported in the literature as well as their comprehensive
crystallographic analyses (Zvonicek et al., 2017; Vasilopoulos
et al., 2022; Rohlicek et al., 2020). The packing similarities of
the solvate crystal structures were explored using CrystalCMP
(Rohlicek et al., 2016) and further crystallographic details of
the structures are listed in the supporting information.

All four solvates crystallize in the triclinic system in the
space group P1, with two molecules of ibrutinib and two
molecules of the respective solvent in the unit cell. When
compared from the point of view of molecular packing and
unit-cell parameters, three of the solvates are isostructural
(CBZ, BBZ and IBZ) and one is different (FBZ). The unit
cells of the isostructural solvates (CBZ, BBZ and IBZ)
contain two molecules of ibrutinib and two molecules of the
respective solvent. Their cell parameters are very similar: a >~
1A b~12A,c~12 A, o ~80°, B~ 69°, ¥ =~ 69°. The unit-
cell parameters of the FBZ solvate are a ~ 9.6 A, b>~11.1 A, c
~ 142 A, 0 >~ 732°, B~ 82.1°, y ~ 66.0°. Fig. 2(a) shows the
overlay of the conformations of ibrutinib and the positions of
the solvent molecule. The FBZ solvate crystal structure differs
due to the rotation of the outer parts of the ibrutinib molecule.
FBZ also occupies a different spot in the FBZ solvate struc-
ture compared with the other solvents.

Fig. 2(b) shows the molecular packing similarity tree
diagram calculated by CrystalCMP. It indicates that the

(a)
y

()

0
e
FBZ solvate
Figure 2
(a) Comparison of the solvate crystal structures (red — FBZ solvate, green
— CBZ solvate, blue — BBZ solvate, orange — IBZ solvate). (b) Packing

similarity dendrogram generated by Crystal CMP.
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molecular packing of ibrutinib molecules is almost identical in
the three isostructural solvates. CBZ, BBZ and IBZ form
isostructural cavity solvates with ibrutinib, whereas FBZ forms
a channel solvate (see Fig. S4 of the supporting information).

3.2. Mechanism and kinetics of transformation

The transformations from ibrutinib C to halogen benzene
solvates were studied using a flow-through capillary. We filled
the glass capillary with ibrutinib C and mounted it in the
PXRD device. We then initiated the measurement sequence of
PXRD patterns, and the solvent was pumped through the glass

Measured area
A

capillary. Polymorph C of ibrutinib transformed into the
solvated form following contact of the solid and liquid phases.
We obtained a time series of diffraction patterns to monitor
the phase transition. Fig. 3(a) depicts a scheme of the glass
capillary.

Due to isostructural crystal packing, there is a certain
degree of similarity in the diffraction patterns of CBZ, BBZ
and IBZ solvates [see Fig. 3(b)]. However, the diffraction
patterns of ibrutinib C and the ibrutinib solvates are signifi-
cantly different between 5 and 9° [Fig. 3(a)]. The fact that each
form has well defined, intensive peaks (at approximately 6.4°
for the FBZ solvate and 7° for ibrutinib C) in this region helps

(@)

| Solvent

Solvate

(b)
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Ibrutinib form C

FBZ solvate

e
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Position (°20)
Figure 3

25 30

(a) Scheme of the glass flow-through capillary. (b) Diffraction patterns of ibrutinib polymorph C and of the prepared ibrutinib solvates. (¢) Time series of
diffraction patterns observed during the transformation of ibrutinib C to the FBZ solvate.
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to easily distinguish their diffraction patterns. The diffraction
patterns of the CBZ, BBZ and IBZ solvates in this region also
exhibit two characteristic peaks at approximately 8°. There-
fore, we conveniently selected the region of 5-9° to monitor
the transformations in all experiments performed. A certain
degree of similarity in the diffraction patterns of CBZ, BBZ
and IBZ can be observed owing to isostructural crystal
packing. Fig. 3(c) shows the time evolution of the diffraction
patterns after filling the flow-through capillary with FBZ. The
changes in diffraction patterns reflect the transformation of
non-solvated polymorph C to the FBZ solvate. Only ibrutinib
Cis present in the sample at the start of the measurement (the
only peak present is at 7°). The gradual transformation of the
sample is reflected by the extinction of the ibrutinib peak at
~7° and progressive evolution of the FBZ solvate peak at 6.4°.
The sample underwent full transformation to the FBZ solvate
after complete extinction of the ibrutinib C peak at 7°. This
entire transformation process takes approximately 130 s. We
can describe the FBZ transformation as a direct (without any
intermediate phases) and fast transformation that results in a
channel solvate structure

A larger range (5-30°) was measured only before and after
completion of the transformation. We measured only several
degrees (5-9°) to minimize the required measurement time,
which allows more frequent measurements during the trans-
formation and therefore results in more accurate observation
of the transformation process. Nevertheless, an optimal
balance needs to be found between the quality of the
measured data and the time required for the measurement.
The transformation of ibrutinib C to the FBZ solvate was
measured at 10 s intervals. In some cases, the 10 s time reso-
lution between measurements was too low. Therefore, the
diffraction patterns were then measured every 3s, which
resulted in more frequent, but also noisy data. Measuring the
entire diffraction pattern would not provide any useful infor-
mation, because the transformation would finish much faster
than the measurement of a single diffraction pattern.
However, the entire diffraction pattern was measured before
and after the transformation process to confirm the complete
transformation of the sample.

FBZ solvate CBZ solvate

(sogr)auny,
/j ;
(s 09) s,

5 6 7 8 6 7 8 9
Figure 4

We performed the same procedure and evaluation for the
three remaining solvents. The time evolution of the diffraction
patterns for all four transformations is shown in Fig. 4. The
observed noise in a number of the diffraction patterns can be
attributed to the very short measurement time required to
capture the fast transformation. It is interesting that the time
evolution of diffraction patterns is different for each of the
transformations, despite the similarity in chemical nature of
the solvents and the similarity in the crystal packing (with the
exception of the FBZ solvate).

As discussed above, the FBZ solvate transformation is fast
(approximately 130s) and direct. In contrast, the transfor-
mation of ibrutinib C to the CBZ solvate is more complex as
indicated by the PXRD measurement of the transformation.
A new peak at 6.5° appears in the diffraction patterns during
the CBZ solvate transformation. This peak (marked by a gray
circle in Fig. 4) does not correspond to ibrutinib C, or any
other ibrutinib polymorph, nor the CBZ solvate. This indicates
the formation of a new crystalline phase during the transfor-
mation period. The low-intensity and rapid extinction of the
peak once we filled the capillary with CBZ led us to the
conclusion that an intermediate crystalline form has a vital
role in the formation of the CBZ solvate. This peak formed
and was consistently present in experiments where only half of
the capillary was filled with CBZ (PXRD measured both dry
ibrutinib, wet ibrutinib and the interface between the two).
Therefore, we assumed that the new intermediate phase forms
at the interface of the solvated and non-solvated sample. After
the interface is supplied with more solvent, the intermediate
phase transforms into the CBZ solvate structure and the peak
at 6.5° is no longer present. We successfully isolated the
intermediate phase with further experiments (a detailed
description is provided in the supporting information) and
measured its diffraction pattern, which confirms the formation
of the intermediate crystalline phase during the CBZ solvent
transformation (Fig. 5).

The peak with low intensity at 6.5° in the half-filled capillary
experiment corresponds well to the peak at 6.5° of the inter-
mediate crystalline phase (highlighted by the gray area in Fig.
5). Only a very small amount of the intermediate phase is

BBZ solvate IBZ solvate

(s 09) dwi],

(owry Suikip) sy,

6 7 8 9 6 7 8 9

Transformation of ibrutinib form C to all four solvates illustrated by the evolution of diffraction patterns.
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Empty capillary (Form C)

MMW

Full capillary (CBZ solvate)

Intermediate crystalline phase

5 10 15 20 25 30
Figure 5

Measured diffraction patterns of the empty capillary (ibrutinib form C),
half-filled capillary (ibrutinib form C + CBZ solvate + intermediate
crystalline phase), full capillary (CBZ solvate) and intermediate crystal-
line phase.

present in the half-filled capillary experiment, located at the
interface of the solvated and non-solvated samples. This
causes very low intensity of the peak, since the interface is
only a small part of the measured area. The intermediate
crystalline phase was further studied, and its crystal structure
was successfully solved from PXRD data (CCDC no.
2164831). We discovered that the intermediate phase contains
only one molecule of CBZ and two molecules of ibrutinib in
the asymmetric unit. It is a CBZ hemisolvate with unit-cell
parameters of a ~ 14.0 A, b ~ 102 A, c ~ 104 A, o ~ 116.4°,
B >~ 85.6°, y >~ 79.3°, and the space group of the hemisolvate
was determined to be P1.

This is in line with the assumption of the intermediate phase
formation at the interface. A hemisolvate is formed at the
interface, where there is an insufficient amount of CBZ
molecules. After additional CBZ is supplied, the transforma-
tion continues further from the CBZ hemisolvate form to the
final CBZ solvate (1:1) form.

Overall, the transformation of the CBZ solvate is more
complex than in the case of the FBZ solvate. It is a fast
transformation with a crystalline intermediate phase, where
the first step is the transformation of ibrutinib C to the crys-
talline intermediate CBZ hemisolvate, which in a very short
time can transform further into the CBZ (1:1) solvate after
additional supply of CBZ.

The BBZ solvate transformation is much simpler (see Fig.
4). It is a fast and direct transformation, as in the case of the
FBZ transformation. Nevertheless, the difference between the
BBZ and FBZ transformations is in their final forms. The BBZ
solvate is a cavity solvate with a different crystal structure
compared with the FBZ channel solvate.

The mechanism of the IBZ solvate transformation is vastly
different compared with the rest of the solvates. The sample
becomes amorphous after the ibrutinib C makes contact with
IBZ. This is confirmed by the diffraction patterns with no

Table 1
Solvent content in slurry experiments (A: 4 solvents, B-E: 3 solvents, F-
K: 2 solvents) as estimated by 'H NMR.

Solvent

Ibrutinib C FBZ CBZ BBZ IBZ
A 0 0.3 0.33 0.5
B - 0 0.3 0.5
C 0 - 0.33 0.72
D 0 0.26 - 0.85
E 0 0.33 0.65 -

F - - 0.4 0.69
G - 0.2 - 0.85
H 0.07 - - 0.9
1 - 0.35 0.75 -

J 0 - 0.98 -

K 0 0.4 - -

peaks. As long as the sample was in contact with the solvent, it
remained amorphous. Visual inspection confirmed that the
sample had not dissolved. The peaks in the diffraction pattern
of the IBZ solvate began to evolve after the sample started to
dry out and the excess IBZ evaporated. The evolution of the
peaks, and the transformation itself, progressed continuously
as the sample dried. The sample completely transformed after
all the excess solvent evaporated. The sample changes to the
amorphous form instantly on contact with the solvent.
Therefore, the rate of transformation is entirely dependent on
the slower phenomenon, the rate of drying.

Thus, we observed four different mechanisms of the trans-
formation: FBZ - fast and direct transformation to the
channel solvate structure, CBZ - fast transformation with a
crystalline intermediate phase resulting in the cavity solvate
structure, BBZ — fast and direct transformation to the cavity
solvate structure, IBZ - fast transformation with an amor-
phous intermediate phase resulting in the cavity solvate
structure. We compared experimental diffraction patterns of
the samples after transformation with patterns generated from
obtained crystal structures to ensure the consistency of the
transformation process (Fig. S2).

3.3. Thermodynamics

We investigated the thermodynamic preference of the
solvate structure formation to complement the results of the
solvate transformations. For this purpose, we performed
competitive slurry experiments. First, we created all possible
pairs of our solvents and mixed them in the same molar ratios.
Thus, as an example, a binary mixture of FBZ and CBZ in the
molar ratio 1:1 was prepared. Analogously, all possible triplets
and quartets of FBZ, CBZ, BBZ and IBZ were mixed in
equimolar ratios. All prepared combinations of two, three and
four solvents were slurred with ibrutinib C. Solvate structure
formation was confirmed by PXRD and the content of each
solvent in the solid sample was examined by liquid nuclear
magnetic resonance spectroscopy ("H NMR). Table 1 lists the
solvent contents in the solid samples for all competitive slurry
experiments. We expected that the strongest-binding solvent
in the solvate structures would be the most abundant in the
final solvate sample. For example, a binary mixture of IBZ and
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FBZ (sample J in Table 1) contains almost exclusively IBZ
solvent in the resulting solvate structure. This suggests
stronger interactions of IBZ molecules in the solvate structure
compared with FBZ molecules.

The sum of the analyzed solvent content is not always equal
to one, despite following identical experimental procedure. In
some cases, it was difficult to accurately evaluate the 'H NMR
spectra, due to many overlapping bands, but the phenomenon
of the preferential solvate formation is clear. Different rates of
solvent drying from a solid sample may also contribute to the
imperfect molar ratio. For instance, sample A is a mixture of
all four solvents but the total content is higher than one. The
observed ratios from that sample suggest the strongest
preference for IBZ, while BBZ and CBZ behave similarly, and
FBZ exhibits the lowest preference. We further explored the
similarity of CBZ and BBZ in sample I, where in the binary
system of the two solvents, BBZ had higher preference
compared with CBZ. We observed the same trend of higher
preference of BBZ over CBZ in triplet samples B and E. After
a complete evaluation of Table 1, we suggest a preference
sequence. Ibrutinib has the strongest preference to form the
IBZ solvate and the least preferable is the FBZ channel
solvate. The sequence of preference is as follows: IBZ > BBZ
> CBZ > FBZ. This reflects the strength of interactions
between ibrutinib and the respective solvents. We performed a
set of DFT-based calculations to shed more light on the deep
nature of interactions within the solvate structures which
control their formation.

3.4. Calculations

We applied two basic DFT-based approaches to explain the
increasing tendency of ibrutinib to form a halogen benzene

(a) Ibrutinib C

Fluorobenzene

Chlorobenzene

CBZ hemisolvate

O

(@]
+ OO > IOI
- [¢)
Bromobenzene

solvate with increasing halogen atomic number. Both
approaches focused on estimations of interaction energies
(Ein) of a solvate unit cell associated with the formation of the
cell from individual components. For more details, see the
Methods in the supporting information. The first approach
calculates E;,, using the periodic conditions in CASTEP
(Clark et al., 2005), whereas the second treats a solvate or its
components as isolated systems (i.e. as single unit cells or
isolated molecules). To test the sensitivity of E;,; (or trends in
Ei,) to structural parameters of a solvent, we tested two
modifications of the CASTEP approach. One variation
[labeled CASTEP(2)] used the chosen unit cell of the solvent
containing two molecules of solvent. In the second variation
[labeled CASTEP(1)] we placed only one molecule of the
solvent in the unit cell. The unit cell for a solvent was arbi-
trarily created from the corresponding solvate unit cell as
described in the Methods. Fig. 6(a) graphically summarizes
E;, estimated by all three methods. Table S2 of the supporting
information then shows individual values. In general, a lower
E;, means a stronger interaction among moieties in a solvate
and hence the higher preference for its formation. We can see
that all approaches reproduced the trend of increased
preference of formation effectively (i.e. FBZ < CBZ < BBZ <
IBZ) as the energy increased in the same series. Nevertheless,
neglecting environmental effects in the isolated system
approach is obviously too crude, as it estimated a positive E;,,
for FBZ and CBZ. This would suggest that they will not form,
which does not agree with the experiment. Both CASTEP
approaches correctly estimated negative E;, values for all
solvates with increasing absolute values in the FBZ < CBZ <
BBZ < IBZ series (Fig. 7). The CASTEP(1) approach
provides a larger E;, by about ~5.2 kcal mol™'. The decrease
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Different mechanisms of the transformation for FBZ, CBZ, BBZ and IBZ.
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of absolute values in the CASTEP(2) approach can be
attributed to the mutual interaction of two solvent molecules
in the optimized unit cell. This leads to the lower energy of the
solvent that results in slightly higher E;,. Nevertheless, we
cannot decide whether the mutual interaction of solvent
molecules in pure solvent (according to our model) is not
excessive. Therefore, our predictions have a more qualitative
than quantitative value. Similarly, we also estimated E;,, of the
CBZ intermediate. Fig. 6(b) shows the values relative to the
CBZ solvate, clearly showing the formation course: IBR —
intermediate — solvate. Optimized parameters of unit cells
for all solvates are gathered in Table S3.

To identify a possible source of interactions between IBR
and solvents, we also calculated Ejongation fOr all solvates to
predict the energy associated with elongation of a crystal in a
certain direction. For computational details, see the Methods.
Table S4 summarizes Ecjongation €Stimated for all solvates at
two theoretical levels. The lower level (PBE/3-21G) provides
likely overestimated values, as Egiongation decreases with
increased basis set. We can see that elongation in one parti-
cular direction applies to all solvents associated with
substantially larger Ecjongation- This corresponds to elongation
in the direction with the highest contribution of parallel-
displaced m—m interactions. Different directions with the
strongest Ejongation fOT different solvates can be attributed to
different unit-cell orientations. We observe a slight increase of
Eciongation in the FBZ < CBZ < BBZ series, which could
indicate a slight increase of crystal strength in the same order.
Energies for IBZ seem unreliably low due to the low-level of
theory or the neglect of relativistic contributions.

Thermal behavior of the solvates is consistent with the
results obtained from the competitive slurry experiment and
the interaction energy calculations. The melting temperatures
of the prepared solvates were evaluated and the IBZ solvate
shows the highest melting temperature at 125°C. The melting
temperature of the BBZ solvate was 110°C, the CBZ solvate
was 96°C and the FBZ solvate was around 99°C. The calcu-
lated interaction strength as well as the preferred formation of
the IBZ solvate correlate well with its higher thermal stability.
The descending melting temperatures of BBZ and CBZ

solvates follow equal logic. The FBZ solvate cannot be easily
compared with the rest of the solvates since its crystal struc-
ture is different. Even though the descending order of melting
temperatures cannot be considered direct proof of interaction
strength, it provides additional insight and information about
the solvate series.

4. Conclusions

The mechanism of solvate structure formation, thermo-
dynamics and calculations form a coherent set of results. The
calculated interaction energies of the solvent and ibrutinib
molecules agree well with the increasing tendency of ibrutinib
to form a halogen benzene solvate with increasing halogen
atomic number, determined from competitive slurry experi-
ments. The calculated interaction energy was lowest for the
IBZ solvate, followed by the BBZ, CBZ and FBZ solvates
which have increasingly higher interaction energies. The
preference of solvate formation reflects the interaction ener-
gies well as the IBZ solvate forms more easily than the other
solvates, followed by BBZ, CBZ and FBZ, which form in
lower amounts, respectively, in the presence of other solvents.
Further, we propose a hypothesis based on the observed
results about how the interaction strength impacts the
mechanism of solvate formation. During the formation of the
IBZ solvate the sample becomes amorphous on contact with
the IBZ solvent. We attribute this phenomenon to the strength
of the IBZ and ibrutinib interaction (higher than the other
solvates) which disrupts the crystalline structure of ibrutinib in
excess IBZ. The crystalline order is restored after evaporation
of the excess molecules of solvent and the cavity solvate is
formed. In the case of the BBZ solvate, the interaction is
weaker, and the mechanism of transformation is direct,
without the amorphous intermediate phase. The resulting
crystal structure is also the cavity solvate, which is isostruc-
tural with the IBZ solvate. The interaction strength of CBZ
and ibrutinib is slightly weaker again. The mechanism of the
CBZ solvate transformation requires a crystalline inter-
mediate phase (hemi-CBZ solvate) that is more like the
channel FBZ solvate, which has the weakest interaction
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strength. After a supply of additional CBZ the crystal struc-
ture transforms to the final cavity CBZ solvate. The FBZ
solvate transforms directly, but the FBZ solvate is not
isostructural with the rest of the solvates; it forms the channel
solvate as opposed to a cavity solvate.

Opverall, the system is fully characterized from the crystal
structure and mechanism of transformation to the interaction
energies and provides deep insight into the formation of
ibrutinib solvates.

5. Related literature
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