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35 ABSTRACT

37 The striking ability of impurities to significantly influence crystallization processes is a topic of
39 paramount interest in the pharmaceutical industry. Despite being present in small quantities,
41 impurities tend to considerably change a crystallization process as well as the final crystalline product.
In the present work, the effect of two markedly different impurities 4-nitrophenol and 4’-
chloroacetanilide on the solubility, nucleation and crystallization of paracetamol are described. In the
first part of this work, the fundamentals are outlined and show that although each impurity led to a
50 small increase in solubility of paracetamol, their effect as a nucleation inhibitor was much more
52 pronounced. Induction time experiments were used in conjunction with the classical nucleation theory
54 to show that the impurities did not affect the solid-liquid interfacial energy but instead significantly
56 reduced the kinetic factor, overall resulting in reduced nucleation rates. Intriguingly, both impurities
58 influenced the solubility and nucleation of paracetamol in a similar fashion despite their significant

60 differences in terms of molecular structure, solubility and ability to incorporate into the crystal
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structure of paracetamol. In the second part of this work, the incorporation of 4’-chloroacetanilide into
the solid phase of paracetamol was investigated. The presence of 4’-chloroacetanilide in the solid
phase of paracetamol significantly increased the compressibility of paracetamol, resulting in improved
processability properties of paracetamol. The compressibility efficiency of paracetamol could be
controlled using the amount of incorporated 4’-chloroacetanilide. Therefore, an experimental design
space was developed and utilized to select the most important process parameters for impurity
incorporation. Intriguingly, the number of carbon atoms in the aliphatic chain of the alcohol solvent
strongly correlated to the impurity incorporation efficiency. As a result, it was feasible to accurately
control the compressibility and the amount of 4’-chloroacetanilide in the solid phase of paracetamol
by simply choosing the required alcohol as the solvent for crystallization. Thus, the present work
comprehensively shows how different impurities impact the key crystallization mechanisms and
properties of a pharmaceutical product. Rational process control over the incorporation of impurities

and additives allows for advanced manufacturing of products with tailored specifications.

1. INTRODUCTION

Solution crystallization processes are widely treated as binary systems consisting of a solute
and a solvent. For real systems, additional components such as additives and impurities are typically
present in minute amounts. Such additional components may significantly impact crystallization
processes even when present in very small amounts.!> 2 An understanding of the mechanistic role of
additives and impurities is therefore essential to design and control crystallization processes. Impurity
control is particularly important in pharmaceutical manufacturing, as such compounds can be toxic or
may unfavourably affect the crystallization of the desired product.>#

Impurities influence crystallization processes in several ways.> ¢ For instance, the solubility of
the product can change as a result of a change in the solute-solvent interfacial energy due to the
presence of additional components. Consequently, the solubility of the product may decrease due to
the presence of common ions or increase as a result of complex formation or the presence of foreign
ions.! Impurities furthermore may influence the nucleation process by changing the solid-liquid

interfacial energy’ and/or the kinetic factor or they may act as heterogeneous surfaces.'-® For instance,
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amphiphilic, polymeric and surfactant additives were found to promote nucleation.’!! In other studies
it was found that additives and impurities did not significantly influence the interfacial energy but
instead led to a reduction in the kinetics.!> !> These findings were explained using the additional
energy that is required to remove the impurity from the clustering process. Finally, additives can be
used to influence the processability of pharmaceutical compounds by changing the intrinsic physical
properties. For example, additives were found to increase the compressibility of paracetamol which
enabled enhanced direct compression resulting in stronger tablets.!4 13

Paracetamol (PA, Figure 1) is widely used as an over-the-counter analgesic and antipyretic
painkiller. Three polymorphic forms of PA have been reported, of which Form I is the most stable
form at room temperature.'®!® To date, the effect of a range of structurally-related compounds have
been studied as additives on the crystallization of PA.!>-22 However, it remains unclear how the main
impurities 4-nitrophenol (NP) and 4’-chloroacetanilide (CA) affect the solubility, nucleation and
crystallization of PA (Figure 1). The synthesis of paracetamol typically involves the reduction of NP
into 4-aminophenol which in turn is used as the final precursor to paracetamol. NP can be obtained
through the p-nitrochlorobenzene route, in which unreacted p-nitrochlorobenzene forms impurity CA
parallel to the desired synthesis route.?* CA is not a hazardous substance and as such may be used as
an additive.”® Understanding the mechanisms by which additional compounds influence
crystallization is of great interest to the scientific community and would allow for more controlled and
robust crystallization processes.?

Herein, the influence of impurities NP and CA on the crystallization of PA are reported. In
the first part of this work, the effect of NP and CA on the solubility and crystal nucleation of PA is
described. Equilibrium solubility experiments in combination with high pressure liquid
chromatography (HPLC) analysis was used to determine the solubility increase of PA as a result of
impurity NP and CA. The crystal nucleation mechanisms were elucidated by combining the data of
more than 1000 isothermal induction time experiments with the classical nucleation theory (CNT). In
the second part of this work, the ability of impurity CA to incorporate into the solid phase of PA was
studied. Compressibility studies were performed for pure PA crystals as well as PA crystals doped

with CA. The compressibility of PA significantly depended on the amount of CA in the crystal
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structure. Therefore, a statistical fractional factorial design approach was utilized to determine which
factors most significantly controlled the impurity incorporation process.?® The type of solvent was one
of the most important factors that affected the impurity incorporation and as such was investigated in

more detail by testing alcohols with varying carbon chain lengths as solvents for crystallization.
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/©/ N\"/ /©/ e /©/ \r(
0
0 v Cl) Cl
i H
paracetamaol 4-nitrophenol 4'-chloroacetanilide
(PA) (NP) (CA)

Figure 1. The molecular structures of paracetamol (PA) and impurities 4-nitrophenol (NP) and 4’-

chloroacetanilide (CA).

2. EXPERIMENTAL

2.1. Materials

PA (98.0-102.0%) was purchased from Sigma-Aldrich whereas NP (99%) and CA (98+%)
were obtained from Alfa Aesar. The solvents methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 1-
pentanol, 1-hexanol and 1-octanol were obtained from Sigma-Aldrich. HPLC-grade water was
obtained using a PURELAB flex 3 purification instrument. All chemicals and solvents were used as
received. Seed crystals of PA were acquired through recrystallization of PA from methanol at a slow
cooling rate of 0.1 °C/min at a stirring rate of 300 rpm in a Mettler Toledo Easymax 402 setup. The
seed crystals were sieved and a size range of 180-250 um was used in the experiments.

The solids obtained at the end of the experiments were analyzed using X-Ray Powder
Diffraction (XRPD) to ensure that no polymorphic transformations occurred. A PANalytical
EMPYREAN diffractometer with Bragg—Brentano geometry and an incident beam of Cu K-Alpha
radiation (A = 1.5406 A) was used for the XRPD measurements. A spinning silicon sample holder was
used and the analysis was performed at room temperature with a step size of 0.013° 26 and a step time

of 68 s.

2.2. Solubility Determination

ACS Paragon Plus Environment

Page 4 of 24



Page 5 of 24

oNOYTULT D WN =

Crystal Growth & Design

The solubility of PA in the presence of impurities was determined through a previously
reported gravimetric method in combination with HPLC analysis.?” For these experiments, 2-propanol
was used as a representative solvent because of its low cost in combination with favourable
environmental, health and safety properties.?® A solid mixture consisting of 2.0 g of PA and 5 mol%
of either NP or CA was added to 2-propanol. The resulting suspension was heated until the solids
were completely dissolved after which the solution was brought down to the solubility temperature for
solubility determination. The suspension was stirred for a minimum of 24 h after which three samples
from the filtered solid-free supernatant were removed, weighted and dried. The resulting solids were

analysed using HPLC to determine the ratio of PA to NP or CA.

2.3. Induction Time Measurements

A solution of PA in 2-propanol was prepared with supersaturation ratios S=1.4, 1.6, 1.8 and
2.0. In order to minimize variations between the eight vials, a stock solution was prepared in 100 mL
2-propanol. 1 mol% of either CA or NP was added to the stock solution. The supersaturation ratios S
were calculated with solubility data reported in literature.? Crystallization was carried out at a
temperature 7 of 5 °C. For supersaturation ratios S=1.4, 1.6, 1.8 and 2.0 the stock solutions were
heated for half an hour at 30 °C, 40 °C, 50 °C and 50 °C, respectively. The stock solution was filtered
using Whatman filter paper (25 pm pore size) to remove particulates larger than 25 um. 10 mL was
taken from the stock solution and transferred using a 5 mL micropipette into 20 mL vials. The vials
were heated for another half hour at their respective temperatures and were subsequently placed in a
thermostated waterbath (Grant GR150; 38L; stability =0.005 K; uniformity £0.02 K) which was set at
a temperature of 5 °C. The time required to reach the set temperature was recorded and used as the
start time of the experiment. Each vial contained a 10 mL solution and a cross-shaped stirrer bar
(9=18 mm) and the vials were closed with a screw cap. The vials were placed on a submersible stirrer
plate (2mag MIXdrive 1) and the stirrer speed was kept constant at 350 rpm. The experiments were
recorded with a Logitech Quickcam USB camera. Stirring continued until the clear solution turned
opaque, which indicated the onset of crystallization. The time difference between the onset of

crystallization and the solution reaching the set temperature was taken as the crystallization time.
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2.4. Crystallization Experiments

The cooling crystallization experiments for the fractional factorial design were carried out in a
Mettler Toledo Easymax 402 setup. Mixing was performed using an overhead stirrer with a
downward pitched-blade stirrer (¢ = 25 mm). The stirring rate was set at either 300 rpm or 400 rpm.
PA (62.8 g) and CA (1.4 g, 2 mol%) were mixed with 2-propanol (235.8 g) and heated to 70 °C for an
hour to ensure complete dissolution of the solids. Once dissolved, the temperature 7 of the solution
was decreased to 15 °C during a cooling time of either 550 min or 61 min to reach a supersaturation
ratio S=2.82. For the experiments in ethanol, PA (98.9 g) and CA (2.3 g, 2 mol%?3?) were mixed with
ethanol (235.8 g). The same process parameters used in the 2-propanol experiments were applied in
the ethanol experiments. For the experiments in ethanol the supersaturation ratio was $=2.5.

The cooling method was programmed to proceed either linearly or through temperature cycles
(Figure 2). Both cooling methods were tested as a linear cooling approach is perhaps more commonly
applied in industry whereas temperature cycles lead to changes in product properties and possibly
higher product purities.?! Seed crystals (2 wt%) were added at a temperature of 7=50 °C in the seeded
experiments. After the cooling programme was finished, the suspension was mixed at a temperature
T=15 °C for a minimum of 48h to ensure complete desupersaturation. The suspension was
subsequently filtered and the solids were dried in an oven set at a temperature 7=50 °C. A sample of

the resulting dried solids was analyzed using HPLC to determine the ratio of PA to CA.

—-—- Tcycle 550 min
— — = Linear 550 min
Tcycle 61 min
----- Linear 61 min

T[°C]

T T T T T T T T E T ¥ T :
0 100 200 300 400 500 600 700
f [min]
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Figure 2. Cooling profiles used for the cooling crystallization experiments.

Experiments to study the effect of different alcohols were performed in 20 mL vials equipped
with cross-shaped stirrer bars (=18 mm). The vials were closed with a screw cap and placed on a
submersible stirrer plate (2mag MIXdrive 1) inside of a thermostated waterbath (Grant GR150; 38L;
stability +0.005 K; uniformity +0.02 K). The applied stirring rate was 500 rpm. PA and CA (2 mol%)
were combined with each alcohol and the suspensions were mixed at 10 °C above their saturation
temperatures at 40 °C for 1 h to ensure complete dissolution of the solids. The temperature of the
resulting clear solutions was reduced during a cooling time of 550 min to a crystallization temperature
that would induce supersaturation ratio S=1.7 for all experiments.

Crystals for the compressibility studies were obtained from cooling crystallization in a
Mettler Toledo Easymax 402 setup. PA (62.8 g) was combined with either 1 mol% or 2 mol% of CA
in 2-propanol (235.8 g). A clear solution was obtained by stirring the suspension at 400 rpm at a
temperature 7=70 °C for 1 h. Once dissolved, the temperature of the solution was linearly reduced to
15 °C during a cooling time of 61 min. Stirring continued at a temperature 7=15 °C for a minimum of
48 h to ensure complete desupersaturation after which the solids were isolated through filtration, dried
at temperature 7=50 °C and used for the compressibility study. A small sample was taken from the

solids and subjected to HPLC analysis.

2.5. HPLC Analysis

The ratio of PA to either NP or CA was determined using a High Pressure Liquid
Chromatography (HPLC) methodology based on previous studies.’> 3* An Agilent 1260 Infinity
Quaternary LC instrument was used that was equipped with a ZORBAX eclipse XDB-C18 column
(4.6x150 mm, 3.5p). The mobile phase consisted of a 0.01 M sodium phosphate buffer (pH=3) and
methanol in a ratio of 0.8/0.2 (v/v) or 1/1 (v/v), for PA/CA or PA/NP, respectively. For the 0.8/0.2
(v/v) mobile phase, the retention times for PA and CA were 1.48 min and 2.10 min, respectively.

Using the 1/1 (v/v) mobile phase, the retention times of 1.72 min and 4.58 min were assigned to PA
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and NP, respectively. The applied flowrate was 1 mL/min, the column temperature was set to 20 °C
and the injection volume was 5 uL.. PA and CA were measured at a wavelength of 254 nm whereas
NP was measured at a wavelength of 310 nm. The solid phase samples were dissolved in methanol
and added to 2 mL amber borosilicate glass vials. Calibrations lines of at least 10 concentration points
were measured for PA, CA and NP and each concentration was measured in triplicate. The resulting
low standard deviation of <1% for each sample reflects the accuracy of the analytical procedure.
Using the linear calibration lines, which are reported in literature?, it was feasibly to determine the

ratio of PA to either NP or CA of unknown samples.

2.6. Compressibility Studies

The compaction behaviour of the materials was studied using a powder flow rheometer
(Freeman Technologies FT4) which was used to measure the compressibility.>* A vented piston was
used as a standard measurement method in order to compact powder by applying a normal stress.

During the test, the range of normal stress was varied between 1-2-4-6-8-10-12-15 kPa.

3. RESULTS AND DISCUSSION

The first part of the results describes the fundamentals as to how impurities CA and NP
influence the solubility and crystal nucleation of PA. In these experiments, 2-propanol was used as the
solvent. Impurity CA incorporates into the solid phase of PA whereas NP remained in solution and
did not affect the solid phase of PA.32 35 In the second part of the results, the ability of CA to
incorporate into the solid phase of PA was used to tailor the solid phase of PA and to improve its
product properties. A statistical design approach was utilized to learn which process factors control

the incorporation of impurity CA and with that the compressibility of PA.

3.1. Fundamentals

3.1.1. Solubility
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Both PA and NP may form different polymorphs whereas only one form of CA has been
reported to date. In a previous study it was established that Form I of PA and the a-form of NP were
used and both forms remained stable across a temperature range of 5-55 °C in various alcohols.?* The
same conditions were used in the present study and XRPD analyses showed that the initial
polymorphic form of the compounds were retained throughout the experiments. The solubility of CA
was previously found to be slightly lower than the solubility of PA whereas NP has an approximate
10-fold higher solubility than PA.*3

In the current work, the solubility C* of PA in the presence of either 5 mol% of NP or 5
mol% of CA was determined across a temperature range of 5-55 °C. Figure 3 shows that the solubility
of PA slightly increased due to the presence of CA or NP across the tested temperature range. Despite
the significant differences between NP and CA in terms of solubility and molecular structure, each
compound increased the solubility of PA in a similar way. A similar small solubility increase of PA
was observed for additives metacetamol and acetanilide.?> Overall, the presence of either NP or CA

did not significantly affect the solubility of PA.

260

240
220 4
200
180
160

140 ™

C [g/kg 2-propanol]

120 A

100

80 +

60 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
T[°C]

Figure 3. Solubility C* of PA in the presence of 5 mol% NP () and 5 mol% CA (m) in 2-propanol as
a function of temperature 7. The line represents the solubility of pure PA in 2-propanol calculated

using the Apelblat parameters reported in literature.3¢

3.1.2. Crystal Nucleation
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The influence of impurities NP and CA on the crystal nucleation of PA in 2-propanol was
investigated using induction time measurements in combination with the classical nucleation theory
(CNT).37-39 Figure 4a-c shows probability distributions of induction times ¢ for pure PA and PA in the
presence of either 1 mol% of NP or 1 mol% of CA for different supersaturation ratios S. The

supersaturation ratio S is defined as

where C is the total concentration and C* is the equilibrium solution concentration at the set
temperature, both expressed in g per kg solvent. For each supersaturation ratio S, the dataset was fitted

to the following equation

P(t)=1—exp (—JVt) 2)

where P represents the probability that at least one nucleus has formed in volume V and
where J represents the nucleation rate in m=.s°!. On average, the quality of fit of eq. 2 to the data was
sufficiently high (R? = 0.96). The induction time ¢ of a nucleus could not be measured directly but

could be estimated as follows

ti=t.— tg (3)

where ¢, is the time of crystallization and ¢, the growth time of a nucleus. The growth time ¢,
of a nucleus was taken as a parameter from fitting eq. 1 to the experimental data. The time required to

reach the set temperature of 5 °C after placing the vials in the waterbath starting from a temperature
30 °C, 40 °C and 50 °C was 211 s, 230 s and 243 s, respectively. These cooling times were subtracted

from the detection time to obtain the time of crystallization ..
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34 Figure 4. Probability distributions P(t) of induction times # measured at supersaturation ratios S = 1.4
36 (m), 1.6 (o), 1.8 (A) and 2.0 (V) in 2-propanol for pure PA (a) and PA in the presence of 1 mol% CA
38 (b) and 1 mol% NP (c). A plot of In(J/S) versus 1/In(S)? is depicted in (d) for the pure PA experiments
40 (<) as well as the experiments involving impurities CA (¢) and NP (P ). From the linear fits,
parameters 4 and B from eq. 4 were estimated and are shown in Figures a-c with 95% confidence

limits.

49 The nucleation rate J is plotted in Figure 5a as a function of supersaturation ratio S for the
51 pure and impure systems. Except for supersaturation ratio S=1.6, the nucleation rate J of PA is
53 significantly inhibited by both impurities CA and NP. Previous studies showed that the structurally-
55 related impurities metacetamol and p-acetoxyacetanilide also inhibit the nucleation rate of PA.2%2! On
57 average and across the tested supersaturation ratio S range, the nucleation rate J of PA was reduced by

59 a factor of 1.9 or 2.6 due to the presence of 1 mol% impurity CA or NP, respectively. Therefore, NP
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inhibits the nucleation rate J of PA more efficiently than CA. Both impurities inhibit the development
of the PA clusters, which is reflected by the longer growth times #, of the impure nuclei with respect
to pure PA (Figure 5b). With increasing supersaturation ratios S, the factor between the nucleation

rate J and growth time ¢, of the pure and impure systems increases.

a) 240 b) 10000 4
L *
200 - Ag
ki
1000 4
160
o - ¢
E 1204 2,
.__.: > 1004 n a
80 4
10 =
40 -
-
07 T T T T T T T 1 T T T LN ) T T T
13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20
s S

Figure 5. Nucleation rate J (a) and the growth time 7, of a nucleus (b) as a function of supersaturation
ratio S for pure PA (m) and PA in the presence of 1 mol% CA (A) and 1 mol% NP (e) in 2-propanol.

The nucleation rate J data points contain 95% confidence limits and the lines are plots of eq. 4.

The nucleation rate expression was inspected in more detail to understand the mechanism by
which the impurities inhibit the development of the nuclei. According to the CNT, the nucleation rate
J depends on the supersaturation ratio S, kinetic parameter 4 and thermodynamic parameter B, as

shown in eq. 4
B
] = Asexp( — 1) )

A fit of the linearized form of eq. 4 through a least-squares approach yield parameter In(4) from the
intercept and parameter B from the slope (Figure 4d). The linear fits to the impure systems (R?=0.93

for CA and 0.96 for NP) were better than the linear fit to the pure system (R?=0.74).
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The values for parameters 4 and B of each system are shown in the corresponding plots in
Figure 4. The differences between the values of thermodynamic parameter B of each system are
virtually the same, showing that the presence of either CA or NP does not significantly change the
interfacial energy of the crystal/solution interface of the system. In contrast, the presence of either CA
or NP significantly lowered the kinetic parameter 4 by a factor of 1.5 or 1.6, respectively. Kinetic

parameter 4 can be described through the CNT as
A= Zf * Co (5)

with z representing the Zeldovich factor which accounts for clusters that decay rather than grow into
stable crystals, f* accounting for the attachment frequency of monomers to the nucleus and C
accounting for the concentration of nucleation sites.*® Nucleation sites are typically considered as
heterogeneous surfaces that promote heterogeneous nucleation.

As discussed in a previous study, the Zeldovich factor z depends on the supersaturation ratio,
Boltzmann constant, temperature, molecular volume in the crystal and the interfacial energy and these
values are unlikely to change due to the presence of impurities.'? Instead, impurities may interact with
nucleation interfaces, effectively lowering the concentration of nucleation sites Cy for PA. The nature
of the nucleation sites is unknown and therefore the exact mechanism by which heterogeneous
nucleation occurs remains elusive. One way of obtaining more insight into the mechanism by which
nucleation sites induce nucleation is by controlling the nucleation sites using well-defined templates.*!

The second parameter in eq. 5 that may be influenced by the presence of impurities is the

attachment frequency of building units to the nucleus f*, which can be expressed through

fr =AA*D% (6)

where 4 is the sticking coefficient that accounts for building units near the cluster which are not

incorporated into the nucleus, 4* is the nucleus surface area, D is the diffusion coefficient, X is the
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concentration of building units and d is the diameter of the nucleus. The diffusion coefficient D is
perhaps the most important parameter to be affected by impurities as it depends on the activation

energy E through

D = DgE/RT (7

in which R is the gas constant, D, the diffusion constant and 7 the absolute temperature.* The
activation energy E accounts for the energy barrier required for a molecule to undergo desolvation
and/or to undergo a conformational change during incorporation of a growing nucleus.

It was previously found using HPLC that impurity NP does not incorporate into the crystal
structure of PA. 3233 The inability of NP to incorporate into the crystal structure of PA may be due to
its strong hydrogen bond forming capability which would lead to strong hydrogen bonds with solvent
2-propanol, as evidenced by the high solubility of NP in alcohols. Therefore, impurity NP may affect
the conformational change of PA molecules into the growing nucleus and/or influence the desolvation
process of PA. A previous report explained the inhibiting effect of impurities on kinetic parameter A4
to a higher energy barrier that needed to be passed in order to remove the impurities from a growing
nucleus.!? This extra energy requirement may be considered as the activation energy E in eq. 7 and
may explain the inhibiting effect of NP on PA as well. Furthermore in related work, the inhibiting
effect of a dilute hydrogen-bonding additive on the nucleation of a small molecule was explained
using the two-step nucleation theory, in which the impurity inhibits the kinetic ordering of the
transition of a high-density cluster into an ordered crystal structure.'?> The same principles may apply
to the inhibiting effects of NP on PA as a decrease in kinetic parameter 4 was observed in the present
work as well. Both the diffusion coefficient D in the CNT as well as the kinetic ordering parameter in
the two-step nucleation theory may be influenced by impurities and therefore it remains unclear
through which mechanism nucleation proceeds in the present work.

In the case of impurity CA, the mechanism by which the impurity inhibits nucleation of PA is
strikingly different to NP and previous findings. This is because impurity CA incorporates and

remains in the crystal structure of PA. The OH-group in PA is a key functional group in PA Form I as
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it acts as a hydrogen bond donor and acceptor, leading to hydrogen bonds with two different
neighbouring molecules.*> However, impurity CA lacks an OH-group and therefore restricts the
possibilities of new PA building units to incorporate into the growing nucleus. Therefore, more time is
needed for PA building units to adopt the required limited configuration possibilities to incorporate
into the nucleus, leading to a higher activation energy E as a result of CA. On the other hand, the
inhibiting effect may also be explained using the two-step nucleation theory as CA may affect the
kinetic ordering of a high-density cluster into an ordered crystal structure, thereby lowering kinetic
parameter 4. As with impurity NP it remains elusive whether nucleation in the present work proceeds

through the CNT or through a liquid-like intermediate in the two-step nucleation theory.

3.2. Tailoring Product Properties

3.2.1. Compressibility

Compressibility is an important parameter for pharmaceutical formulations that can influence
tabletability of powders and the properties of prepared tablets such as hardness and disintegration
time.>* The density of powder is considered as a function of applied normal stress and compressibility
is typically described as a function of density variability. Therefore, compressibility is the volume
reduction of powders as a result of the applied normal stress.

PA Form I, which has been used throughout this study, is known for its poor flowability and
capping tendency upon compression. One approach to increase the compressibility of pharmaceuticals
is through the use of additives, as the presence of additives typically leads to less efficient crystal
packing and more open crystal structures. Such an open structure would favour direct compression,
resulting in stronger tablets. Polymer additives have been used in previous studies to enhance the
compressibility of PA.!4 13

In the present work, the small molecule CA was used to increase the compressibility of PA.
Figure 6 shows the compressibility as a function of normal stress for pure PA crystals as well as PA
crystals doped with either 0.47 mol% or 0.73 mol% CA. Interestingly, the presence of only a minute

amount of CA induced a striking increase in compressibility with respect to pure PA. At an applied
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stress of 15 kPa, the compressibility of pure PA was only 7.26% whereas it significantly increased to
16.63% and 28.16% due to the presence of 0.47 mol% and 0.73 mol% CA, respectively. The
incorporation of CA into the solid phase of PA also led to a significant change in crystal habit (Figure
6). Instead of tabular crystals, impurity CA induced the formation of needle-shaped crystals of PA.
Thus, impurity CA can be used to significantly favour the compressibility of PA, even when present

in a very small amount.

30

25

20 4

Compressibility [%]
o
1

0 T T T T T T T
0 2 4 6 8 10 12 14

Applied Normal Stress (Kinematic) [kPa]

Figure 6. a) Compressibility as a function of normal stress and SEM images of the starting materials
of pure PA crystals (m) and PA crystals containing 0.47 mol% CA (e) and 0.73 mol% CA (A) which

were used for the compressibility study. The size bar represents 300 pm.

3.3.1. Parameter Screening

As illustrated in the previous paragraph, the compressibility of PA significantly depends on
the amount of CA that is present in the solid phase of PA. Accurately controlling the amount of CA
that becomes incorporated into the solid phase of PA is therefore essential to tailor the desired product
specifications of PA. The applied experimental conditions typically control the incorporation of

impurities into the solid phase of a product.#* However, it is unclear how the wide variety of
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1

2

2 experimental factors influence the incorporation of CA into the solid phase of PA. Therefore, a series
Z of cooling crystallization experiments were performed to determine which factors most significantly
; control the impurity incorporation of CA into PA. The five factors that were investigated were the
?O type of cooling method (linear or temperature cycles, Figure 2), cooling time (61 min or 550 min),
1; stirring rate (300 rpm or 400 rpm), seeding (yes or no) and solvent type (2-propanol or ethanol).
143; Instead of testing all the possible combinations of these factors, a fractional factorial approach in
12 Minitab software was utilized to design a 2°! work space involving 16 experiments with resolution V.
19

19

;? Table 1. Overview of the Experiments Designed Using a Fractional Factorial Approach.“

;g entry cooling method cooling time stirring rate seeding solvent PA [%]?

o [min] [rpm]

20 1 linear 61 300 no cthanol 99.10

;2 2 cycles 61 300 no 2-propanol 99.22

2(1) 3 linear 550 300 no 2-propanol 99.43

gg 4 cycles 550 300 no ethanol 99.08

;g 5 linear 61 400 no 2-propanol 99.27

EZ 6 cycles 61 400 no ethanol 99.37

23 7 linear 550 400 no ethanol 99.37

2; 8 cycles 550 400 no 2-propanol 99.37

Zi 9 linear 61 300 yes 2-propanol 99.31

22 10 cycles 61 300 yes ethanol 96.45

2; 11 linear 550 300 yes ethanol 99.20

:g 12 cycles 550 300 yes 2-propanol 99.31

g; 13 linear 61 400 yes ethanol 98.00

;31 14 cycles 61 400 yes 2-propanol 98.84

gg 15 linear 550 400 yes 2-propanol 99.58

58 16 cycles 550 400 yes ethanol 98.00

e

ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design

¢ Experimental details are described in the experimental section. ® The output is the percentage PA in

the solid phase.

The input and output of the 16 tested experiments are tabulated in Table 1 and a Pareto chart
(calculated using Minitab 18) in Figure 7 shows the effects from the tested factors and their
combinations on the percentage of PA in the solid phase. The direction on how the parameters affect
the purity of PA is shown in the main effects plot in Figure 8.

Shown in the Pareto chart is Lenth’s pseudo standard error (PSE) at 0.4387, which separates
the main effects from effects caused by random error. In the present work, the type of solvent, seeding
and their combination have a significant effect on the purification of PA whereas the cooling method,
cooling time and stirring rate are close to- or lower than Lenth’s PSE. Therefore, the cooling method,
cooling time and stirring parameters were not investigated further in this study.

The type of solvent was the statistically most significant effect at a confidence level higher
than 80%, closely followed by seeding. Interestingly, the use of seed crystals led to an average
product purity of 98.59% as compared to an average product purity of 99.28% in unseeded
experiments. The addition of seed crystals leads to a large crystal surface area across the bulk solution
and a rapid depletion of supersaturation which may favour the incorporation of the CA impurities into
the solid phase of PA. Without seed crystals, crystallization proceeds locally through primary
nucleation followed by a slow depletion of supersaturation, possibly favouring the crystal growth of

PA over impurity CA.
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Factor 0.4387 0.6475

Factor Name

BE A Cooling method
CE B Cooling time
C C Stirring rate
D Seeding
cD E Solvent
AB
0.0 01 0.2 0.3 04 0.5 0.6 . 0.7 0.8

Effect

Figure 7. Pareto chart of the effects from the tested factors and their combinations, where the
response is the percentage PA in the solid phase. Lenth’s PSE is 0.4387 which separates the main
effects from effects caused by random error. Effects that pass the vertical dashed line at 0.6475 are

statistically significant at a confidence level of 80%.

Cooling method Cooling time Stirring rate Seeding Solvent

99.25
.g
3 99.00
N
=]
E
©
D
= 975

98.50

linear cycles 550 61 300 no ethanol 2-propanol

Figure 8. Main effects plots showing the direction the parameters affect the mean purity of PA.

3.3.2. Solvent Selection

Based on the analysis from the previous section, the purity of PA is mainly affected by
solvent selection. Therefore, the effect of solvent type on the purity of PA was explored in more
detail. Water as well as eight different alcohols that varied in the number n of carbon atoms in the
alkyl chain length were tested as solvents for recrystallization experiments. The dependence of the PA
solid phase purity on the number n of carbon atoms in the alkyl chain length is plotted in Figure 9.
Intriguingly, the incorporation of CA into the solid phase of PA strongly depends on the number n of

carbon atoms in the alkyl chain length of the solvent as the purity of PA becomes higher with
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increasing alcohol chain length. The crystal growth rate is possibly significantly reduced in alcohols
with longer alkyl chain lengths. The reduced crystal growth rates may favour incorporation of PA
over CA, resulting in higher purities of PA.

The data for 1-propanol and 2-propanol slightly deviates from the observed general trend.
This may be due to experimental errors as each data point represents a single experiment.
Nevertheless, a clear relationship between the purity of PA and the number # of carbon atoms in the
aliphatic chain of the alcohol solvent is apparent.

Thus, the amount of CA in the solid phase of PA can straightforwardly be controlled by
solvent selection. The present work shows a correlation between the number » of carbon atoms in the
aliphatic chain of the alcohol solvent and purity of a pharmaceutical product for the first time to the
best of our knowledge. An increase in the number # of carbon atoms in the aliphatic chain of the
alcohol solvent leads to an increase in PA purity. These results show that solvent selection can be
used to accurately tailor the compressibility of PA as the amount of impurity in the solid phase of PA

strongly impacts its compressibility.

100.0

] *
v
99.5 -
A
99.0 4 = water
< ¢ methanol
= 4 ethanol
§ v 1-propanol
98.5 ¢ 2-propanol
1-butanol
o 1-pentanol
98.0 4 ® 1-hexanol
- * 1-octanol
975 T T T T T T T T
0 1 2 3 4 5 6 7

Figure 9. PA purity as a function of the number n of carbons in the aliphatic chain of the alcohol

solvent. A supersaturation ratio S of 1.71 and an initial 2 mol% of CA was used in all experiments.

4. CONCLUSIONS
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Although significantly different in molecular structure and solubility, both impurity NP and

CA slightly increased the solubility of PA and significantly reduced its nucleation rate in a similar

oNOYTULT D WN =

fashion. The solid-liquid interfacial energy of PA remained unaffected by the impurities whereas the
10 kinetic parameter was inhibited. The presence of CA in the solid phase of PA led to a striking increase
12 in its compressibility resulting in favourable product specifications. An increase in the number of
14 carbon atoms in the aliphatic chain of the alcohol solvent led to an increase in PA purity. Solvent
16 selection could be used to tailor the product properties as shorter chain alcohols led to more efficient

18 impurity incorporation and higher compressibility.
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Impurities 4-nitrophenol and 4’-chloroacetanilide increase the solubility and inhibit the nucleation of
paracetamol in the same way, despite their differences in molecular structure, solubility and ability to
incorporate into the solid phase of paracetamol. Incorporation of 4’-chloroacetanilide into
paracetamol can be controlled through solvent choice and the resulting crystal product was

significantly improved in terms of compressibility.
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