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Cooling crystallization of small organic molecules from solution is an important operation for the
separation and purification of drug products. In this research, shear-induced nucleation from a
supersaturated solution is studied in a parallel plate geometry. Under conditions of shear and small gap
sizes, narrow mesoscale circular bands of small crystals appeared spontaneously and reproducibly on the
plate’s surface. We have investigated the connection between nucleation and the emergence of these
circular patterns. Our results show that nucleation occurs preferably in zones with high local shear rate
(located at the outer edges of the plates), compared to zones with low local shear rate (at the center of
the plates). The time before nucleation occurs decreases significantly for increasing mean shear rate and
time. The circular crystalline patterns appear at the plate’s surface, where heterogeneous nucleation first
occurs. Multiple hypotheses are explored to understand the pattern formation in crystallization. Since no
satisfactory explanation is found, a new mechanism is proposed. This hypothesis involves crystals initially
forming on the surface of the plates and undergoing stick-slip motion, which influences the local
nucleation kinetics. This results in an interplay between (secondary) nucleation and stick-slip motion at the
start of the crystallization process. By modifying the surface of the plates, their ability to act as a
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1 Introduction

Understanding crystallization from solution is of great interest to
the pharmaceutical industry as it is one of the most commonly
used techniques for the isolation and purification of active
pharmaceutical ingredients (APIs)." Nucleation is the first step
in the crystallization process. It is the result of spontaneous
concentration fluctuations in a supersaturated solution, which
ensue into the formation of crystalline nuclei, with sizes that
make them thermodynamically favorable to continue to grow
into larger crystals. A distinction is made between nucleation
occurring in the bulk of the liquid (homogeneous primary nuclea-
tion) and nucleation occurring on a heterogeneous surface
(heterogeneous primary nucleation). Nucleation in the presence
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heterogeneous nucleation site can be altered, allowing control over the formation of patterns.

of preexisting parent crystals is called secondary nucleation.
Despite its importance, the mechanistic steps of nucleation have
remained elusive.

In the last decade several contributions have shed light on
the role of shear flow on primary nucleation of small-sized
organic molecules in solution crystallization.””® Studies in large
volume crystallizers (10-1000 mL) have shown that flow can
enhance nucleation rates.>™® In such volumes the onset of
crystallization can only be detected after many crystals have
appeared. More confined systems, such as microfluidic droplet
devices (for which crystallization occurs in the droplets and
where each droplet can be considered as an independent
microcrystallizer), generally allow more precise optical detec-
tion, but lack the characteristic flow near a solid wall that is
present in many industrial crystallization processes. Rossi et al.
and Nappo et al. have shown that nucleation in flowing
droplets (10-100 pL) occurs sooner than in stationary
droplets.®” In this article we have studied the effect of shear
on the nucleation of paracetamol (a common API for crystal-
lization studies) in water in milliliter volumes (0.9-2.0 mL) in a
rotational rheometer. The shear-induced nucleation resulted in
spontaneous circular patterns or strings of crystals in the flow
direction that have not yet been reported in literature.

This journal is © The Royal Society of Chemistry 2023
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Pattern formation on surfaces is useful for a variety of
biomedical applications (e.g. for disease diagnosis it has been
shown that patterns formed by biological fluids can been con-
nected to pathologies®) or for surface engineering (e.g. for localiz-
ing interactions with proteins or cells). It also offers opportunities
to control the crystallization location, which can be used to
prevent clogging in microfluidic applications. The emergence of
a plethora of patterns during the evaporation or drying of sessile
droplets has been actively studied for several years.”™** The most
famous deposited pattern during sessile droplet evaporation is the
coffee ring stain.'* Potari et al and Balog et al have studied
pattern formation during precipitation reactions.'>'® The most
common technique for directed crystallization is to pattern a wall
surface of a crystallizer (e.g. by means of scratches).’” To our
knowledge, no study has reported on pattern formation during
cooling crystallization as a result of flow hydrodynamics.

In absence of crystallization or drying, flow-induced migra-
tion is a well-known phenomenon that occurs in suspensions.
Migration of particles in suspension can be induced through
various mechanisms, such as: secondary flows, particle inertia,
sedimentation, centripetal forces, diffusion migration, shear-
induced migration (from regions of high shear to low shear)
and interparticle collisions. The migration or alignment of
particles into strings in (confined) shear flow is commonly
attributed to the presence of a rheologically complex
medium,"®** and was first reported in 1977 by Michele et al.
for glass spheres in the bulk of a sheared viscoelastic (non-
Newtonian) fluid."® The arrangement of particles into 'regularly
spaced rows in the direction of the flow’ can also occur during
Poiseuille flow, as reported by Segré and Silberberg in 1962.%*

The strings observed in our experiments in a rotational
device do not resemble such string formation, as they exhibit
randomness in the interparticle distance (or surface
separation®®), but look more like the stick-slip ring patterns
that are obtained during evaporation of colloidal droplets.*®
Stick-slip motion is the spontaneous jerking motion that occurs
when a solid particle slides over a surface, because the two
interfaces alternate between sticking and slipping.”® The static
friction between two moving parts (such as a solid particle in
contact with a surface) is usually larger than the dynamic
friction.>” Once a critical shear force is applied to the solid
particle, the static friction is exceeded and the particle starts to
slip. This sudden slip movement causes a drop in the friction.
Subsequently, the solid reattaches to the surface (stick) and the
cycle repeats. It is important in a myriad of physical phenomena
and occurs for both macroscopic bodies (e.g. earthquakes,*® violin
music®®) as in solids separated by a mono-atomic fluid layer.*®

Herein we propose a new stick-slip mechanism to explain
the spontaneous formation of circular patterns during nuclea-
tion. The first crystals that nucleate are suspected to undergo
stick-slip motion, which results in a localized increase in the
secondary nucleation rate. This in turn creates a thin circular
band of crystals in the wake of the primary parent crystal that
underwent stick-slip motion. This spontaneous alignment can
be exploited as a bottom-up crystallization route for patterned
nucleation of crystals.**
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Although the stick-slip motion cannot be observed directly
since the crystals that make up the patterns are already aligned
before they reach the detectable size, the presented research
suggests that there is an interplay between the patterning and
the early stages of crystallization. It also reveals the complexity
of the solid-liquid and solid-solid interphase interactions
and the relation between crystallization and the complex flow
behavior of particle-laden flows.

The outline of the paper is as follows: first, the effect of
shear on nucleation of paracetamol from an aqueous solution
is discussed. The next section discusses the patterns that were
observed during crystallization in more detail. The following
part describes different hypotheses that have been considered,
but eventually proved inadequate to explain the patterning.
In the final section the possible interplay between stick-slip
motion and nucleation, as a potential hypothesis, to explain the
patterns’ (or strings’) emergence is discussed.

2 Experimental
2.1 Solution preparation

Stock solutions were prepared by dissolving 14.58 g (VWR LP-
2102i balance with a precision of 0.01 g) of paracetamol
(acetamidophenol, PCM, from Acros Organics, 98% purity) in
300 mL of distilled water, which corresponds to a solution
saturated at 60 °C.>> All solutions were filtered using syringe
filters (Whatman, pore size of 0.45 pm) prior to using them. All
the solutions discussed in this work exhibit Newtonian beha-
vior under the applied shear rates. The PCM crystals are
estimated to have a density of 1351 kg m >?? and an interfacial
tension in water of 20-25 mN m~".**

2.2 Equipment

A conventional parallel plate-plate configuration is used on a
rotational rheometer as a crystallizer. Two identical smooth
glass circular plates (PP43/QGL, Anton Paar) of radius 21.4 mm
(Rmax) are installed on a stress-controlled TwinDrive rheometer
(MCR702b, Anton Paar), as shown in Fig. 1. At constant angular
velocity (w [rad s ']) the local shear rate (7 [1 s']) is mathe-
matically well-defined and is proportional to the ratio of the
radius (r [m]) multiplied with the angular velocity and the gap
size (defined as the distance between the plates, & [m]), as
shown in eqn (1). By changing the gap size, the solution volume
can be easily varied. The global shear rate (denoted as j [1 s~ '])
s defined here as the shear rate at 2/3-Ryax.

9= wrlh )

Changing the gap also affects the specific interfacial area (S/V).
Gap sizes of 0.50 mm (S/V = 32.12 cm® mL ') and 2.00 mm
(9.64 cm®> mL™") are used. Flow is induced by counterrotation
of both plates (w¢p/@pottom = 1.0), such that @ in eqn (1) is
equal to 2-wp. Both plates are cleaned before and after every
experiment using hot water and wiped dry with lint-free paper.
Then, filtered compressed air is blown on the plates to remove
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Fig. 1 Schematic representation of the parallel plate geometry used in the
experiments. The solution between 2/3-Rmax and Rmax is monitored. The
local () and their corresponding global shear rates (7) are also shown on
the figure.

impurities and dust. The bottom and top plate are interchanged
randomly between experiments. The alignment of the two plates
is validated to avoid misalignment errors.>

2.3 Experimental methodology

The stock solution is agitated and heated to 85 °C. A volume of
0.9 mL or 3.0 mL of the hot solution for gap sizes of respectively
0.50 mm and 2.00 mm is pipetted onto the center of the bottom
plate. The top plate is then lowered to the desired gap size, and
the solution is squeezed radially outwards. The maximum shear
rates during the squeeze flow are 25.68 and 8.03 1 s~ " for the
0.50 mm and 2.00 mm gap, respectively.’® As this maximum
shear rate is only present for a brief time period, it is fair to
assume that the squeeze flow did not impact the experimental
results. All the experiments are performed with both plates
initially at room temperature and without further temperature
control, unless explicitly stated otherwise. Immediately after the
desired gap size is reached, the plates are rotated in opposite
direction. Every experiment is repeated at least 12 times.

In addition to the experiments described above, also the
effect of centrifugal forces was examined experimentally. For
these experiments, the stock solution is agitated and kept at
room temperature. Once the solution is completely crystallized,
it is deposited onto the bottom plate. The top plate is lowered
onto the solution until the desired gap size is obtained. The
same shear rates as in the other experiments are applied. These
results are shown in the S1 (ESIt). Centrifugal forces were
found to not impact the results discussed in this article.

2.4 Detection and analysis

The onset of crystallization is optically monitored using a high-
speed camera (Photron FASTCAM Mini UX100) equipped with a
microlens (NAVITAR 1-50486). The solution is illuminated from
the bottom using a white light source (SCHOTT KL 2500 LED).
The solution flowing between 2/3-Ryax and Ryax over the entire
gap thickness is imaged. Thus, crystals located at a distance of

5898 | Soft Matter, 2023,19, 5896-5906

View Article Online

Paper

2/3-Rmax or more from the center pass in the field of view. The
count of detected crystals can be regarded as a lower limit that
closely approximates the actual number of crystals present.
Crystals appeared very quickly after contact of the solution with the
top plate (even with stock solutions with lower saturation), iso-
thermal conditions could not be achieved prior to nucleation. The
time before nucleation is defined as the time between the start of
the experiment and the time at which the first crystals are
detected. To avoid user bias and reproducibility issues, an open-
source Image] algorithm was used to detect crystals.’”*® Particles
larger than 10 um could be detected. As the plates rotate, the same
crystal is detected multiple times. Additional details concerning
the detection and analysis of crystals can be found in the S2 (ESIt).

The product crystals were analyzed using scanning electron
microscopy (SEM, JEOL JSM-6010LV). The crystals were put on
electrically conductive non-porous carbon tape and coated with
gold/palladium (JEOL JFC-1300 Auto Fine Coater). The SEM
images were analysed manually using Image], to obtain the
number-based crystal size distribution. A minimum of 250
crystals per condition were measured for this.

2.5 Top plate modification

To prevent nucleation starting on the top plate, some experi-
ments were performed with a designated modified top plate.
Firstly, the top plate was silanized (with silanization solution
(Sigma Aldrich): ~5% dimethyldichlorosilane in heptane),
which increased the contact angle of deposited water droplets
from 48.9 + 2.6° to 83.7 + 2.0°. To increase the hydrophobicity
of the top plate further, a water-repellent coating (Hydrobead-t
spray) was applied on its surface. After the water-repellent
coating was applied to the surface, it was too hydrophobic to
obtain a stationary deposited droplet to determine the contact
angle. Lastly, some experiments were performed with a top
plate heated to 50 °C.

3 Results and discussion
3.1 Time before nucleation

Fig. 2 compares the time before nucleation for the four global
shear rates for gap sizes of 0.50 mm and 2.00 mm. The time
before nucleation is defined here as the time it takes from the
start of an experiment, i.e. when shear is induced through
rotation of the plates, until the first 5 individual crystals are
detected. For both gap sizes, the time before nucleation
decreases for increasing shear rates. At high shear rates the
time before nucleation approaches a minimum value. The
variance in the experimental results can be attributed to the
stochastic nature of nucleation in microfluidic and milliliter
volumes.*® The variance is smaller at higher shear rates, which
confirms the observation that higher shear rates result in faster
nucleation. Both the median and the mean time (which is
reported in the ESIf) before nucleation occurs are signifi-
cantly shorter for the 0.50 mm than for the 2.00 mm gap. This
can be explained by the lower surface-to-volume ratio in
the experiments performed with larger gap sizes. Higher

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Boxplot of the mean time before nucleation for various global
shear rates (7) for a gap of 0.50 mm (shown in red) and 2.00 mm (shown in
green). The horizontal solid line in the boxes is the median. The bottom
and top of the box are the 25th and 75th percentile, respectively. The
whiskers go from the maximum to the minimum value. Outliers are

represented by the circle (for a gap of 0.50 mm) or square markers (for
a gap of 2.00 mm).

200

Time before nucleation [s]

20

surface-to-volume ratio’s result in faster cooling of the
squeezed solution by the glass plates. This in turn results in
faster nucleation (hence lower times before nucleation in the
experiments with a 0.50 mm gap compared to the 2.00 mm
gap). Fig. 2 also shows that the effect of shear is more
pronounced for experiments with a longer time before nuclea-
tion. In the experiments performed with a 0.50 mm gap, the
effect of shear rate on the mean time before nucleation is
obscured by the high nucleation rate. In the absence of any
fluid shear, no crystals were detected for at least one hour.

3.2 Nucleation location

Nucleation in milliliter volumes can be assumed to be a surface
dominated phenomenon.? Nucleation is thus expected to start
on the surface of the plates. Particularly, the surface of the top
plate is an attractive location for nucleation, as it is slightly
colder than the bottom plate on which the hot solution is
deposited. Indeed, the first detected crystals are attached to the
top plate. After a while, crystals also appear in the bulk of the
solution and on the bottom plate.

Apart from considering the location of crystals in the depth
direction (i.e. top or bottom), also the lateral (or radial) location
is meaningful. As stated earlier, the local shear rate (j) in the
parallel plate geometry increases linearly from 0 in the center to
the maximum value at the outer edges of the plate. By dis-
cretizing the radii into different intervals, different local shear
rate intervals can be defined. The number of crystals passing
through the field of view within a single shear rate interval
(Miocal shear) can be measured. Here, the radii from 2/3-Ry,,y to
Rmax are discretized into 12 intervals of equal size. Changing
the interval size does not change the results and conclusions
presented here. Fig. 3 shows the distribution (in %) of the first
1000 crystals (a single crystal can pass multiple times) passing
through the field of view of the camera in the different shear

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Ratio of the number of crystals in a discretized local shear rate ()
interval (defined as Niocal snear) @nd the total number of crystals (for a gap of
0.50 mm). Zones between 2/3:Rmax and Rmax are shown. The graphs are
calculated based on the first 1000 crystals (Niotq) that are cumulatively
detected. The top left corner of each subplot shows the average time
difference between the cumulative detection of the 1000 and the 5™

crystal (f1o00) at the global shear rates (7) of 20, 50, 100, and 200 1 s7%.
Each curve is the mean of 16 individual measurements.

rate intervals for a gap size of 0.50 mm. The last bar in each graph
shows a sudden drop, which is caused by improper detection of
crystals at the edges of the images. The bar graphs show a steep
increase in the number of detected particles for increasing shear
rates (or radii). These curves show that for the 0.50 mm gap size
nucleation is strongly affected by the shear rate in a single
experiment. More crystals appear at the outer edges of the parallel
plates (near Ry,.), than at 2/3-Ry.x. The top left corner of each
subplot in Fig. 3 shows the mean time it takes to detect 1000
crystals passing through the camera’s field of view. The mean time
decreases for increasing global shear rates (7) which matches the
experimental results shown in Fig. 2. The figure for a gap of
2.00 mm is shown in the S3 (ESIt). It shows a similar behavior in
the low (local) shear rate intervals, but is less pronounced at higher
local shear rate intervals. A comparable trend is observed when
normalizing the data in Fig. 3 by the volume of the local shear rate
interval. The corresponding curves can be found in the S3 (ESIT).

3.3 String formation observations

During nucleation, crystals aligned spontaneously and reprodu-
cibly in concentric patterns of mesoscale: narrow bands or
strings in the flow direction. These patterns are visible with
the naked eye, but the buildup of these strings was never visually
detected. A video of the appearance of those crystal strings, is
included in the S6 (ESIt). Fig. 4 shows a camera image of the
stringlike circular patterns. The crystals in the patterns remained

+ The use of the term mesoscale refers here to the structural scale that is larger
than the individual particle scale, but smaller than the global system scale. It does
not refer to the amorphous mesoscopic species in solution that may play an
important role during the nucleation process."’

Soft Matter, 2023,19, 5896-5906 | 5899


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00528c

Open Access Article. Published on 23 June 2023. Downloaded on 8/17/2023 1:33:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

I
2 mm

Fig. 4 Cameraimage of crystals in the parallel plate setup (50 157, gap of
0.50 mm). The concentric patterns that emerged during nucleation are
visible with the naked eye. This image depicts the end of the experiment
(t > o).

in the same string throughout the entire measurement. Crystals
that made up the strings did not move and remained stuck on
the plate. In other words, they did not ‘rock themselves into the
appropriate equilibrium position’, as mentioned in literature for
other types of string formation.*' In contrast, crystals in the bulk
moved and rotated more freely. Not all circles were fully formed.
The strings did not show any signs of wrinkling. The strings only
occurred on the top plate and at seemingly random radii. The
length of the strings or number of crystals that make up the
strings was not related to their radial location. A parallelism
misalignment of the top plate resulted in strings in different
directions. The patterns did not appear during shearing of a
desaturated stock solution with crystals of similar size or smaller
as the ones that make up the strings. This experiment is later
referred to as Case 1 in Fig. 9.

SEM images are taken to understand the morphology of the
patterns. These images, shown in Fig. 5-7, confirm that the
strings consist of fully crystalline monoclinic form I PCM
crystals. Guthrie et al. have shown that by shearing a solution

Fig. 5 SEM image of the top plate, from an experiment with strings
(20 1572 gap of 0.50 mm).

5900 | Soft Matter, 2023,19, 5896-5906
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Fig. 6 SEM image of crystals that sedimented on the bottom plate, from
an experiment with strings on the top plate (20 1 s, gap of 0.50 mm).

of PCM and glycine, metastable polymorphs may appear
in a thin film.**> We were unable to detect any metastable
polymorph of PCM. Fig. 5 shows that the size of the crystals
that make up the strings is not related to their radial location.
The interparticle distance (or surface separation®®) between
different crystals in a string is highly irregular. Due to this
random surface separation between different crystals that
make up the strings, it is difficult to identify successively
aligned crystals. Although this could be caused to some extent
by the irregular shape of the crystals, it remains remarkable.
Typically, the strings appeared rapidly, often immediately
after the first crystals were detected. The shortest observed
duration for string detection was approximately 6 s. The strings
almost always consisted of a large number of individual crys-
tals. This suggests a local enhancement of the nucleation rate
during the formation of the strings. Crystals that aligned into
concentric strings were considerably smaller than other crystals
(in the bulk or on the bottom plate). The crystals that make up a
string have roughly the same size, which suggests that crystals
in one string nucleated around approximately the same time,

Fig. 7 SEM image of the top plate, from an experiment with strings
(20 1 57%, gap of 0.50 mm). The image shows the same crystals as Fig. 5,
but with a larger magnification.

This journal is © The Royal Society of Chemistry 2023
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but that crystals in different strings may have been formed at
different times. The crystal size distribution of crystals on the
top plate and crystal that settled on the bottom plate from the bulk
is shown in the S4 (ESIT). The mean size of these crystals on the
bottom and top plate is 282 + 155 um and 124 + 81 um,
respectively. The span of the crystal size distribution of crystals
on the top plate is significantly smaller compared to the span of
the crystal size distribution of crystals on the bottom plate. Even
though the strings appear soon after the start of the process,
the crystals in strings do not continue to grow into larger crystals.
This is yet another surprising observation, as the solution is not
completely desaturated after the formation of the strings as
crystals in the bulk continue to nucleate and grow. Whilst gen-
erally not discussed in a lot of detail, inert crystals, including those
originating from primary nucleation, have been reported in litera-
ture in several publications.”’ It is suggested that the reason
crystals remain small and do not proliferate probably lies in their
surface features.”® This could suggest that the surface of the
crystals that make up strings is less active (for crystallization) than
that of crystals in the bulk. Finally, it is important to note that no
signs of nuclei breeding or attrition were seen on the crystals
surface in the SEM images.

String formation occurred more often in the 0.50 mm gap
than in the 2.00 mm gap experiments. This matches the earlier
observations (in Section 3.1) that heterogeneous nucleation on
the surface of the plates plays a more important role in the
experiments with a 0.50 mm gap. The probability of circular
strings emerging during an experiment is defined as the ratio of
the number of experiments with strings clearly visible and the
total number of experiments and is shown in Table 1. The
probability clearly decreases for increasing shear rate. Shear
seems to be a prerequisite for strings to form, but too high
shear rates are counterproductive.

3.4 Particle migration and string formation

Numerous authors have reported on the migration or more
specifically the formation of strings, trains, necklaces, or chains
of particles in sheared suspensions. Here, possible explana-
tions for these phenomena are discussed. For each explanation
it is mentioned to what extent it applies to the formation of
strings as observed in our experiments.

String formation as a result of dirt or scratches on the plates’
surface. One common methodology to obtain crystals in well-
defined patterns is to scratch the crystallizer’s surface'” or induce
heterogeneous nucleation with a heterogeneous surface.** As
stated earlier, the plates’ surfaces were cleaned carefully prior to
every experiment to prevent the presence of impurities and did
not have any visible scratches. If submicron scratches are the

Table 1 Probability of patterns emerging during experiments with a
0.50 mm gap and a 2.00 mm gap for various global shear rates (7)

2015t 501s" 1001 s* 2001s"
0.50 mm 93.75% 100.00% 100.00% 62.50%
2.00 mm 50.00% 16.67% 8.33% 0.00%
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cause for string formation, strings are expected to always form or
align at the same radii, which is not the case in our experiments.

String formation as a result of inertial effects. Inertial effects
can lead to significant migration of particles,****> which can result
in the formation of strings of (spherical) particles.”” To evaluate
the importance of inertia on the migration of particles the particle
Reynolds number is calculated using eqn (2), with a the particle
radius, p the fluid density, and # the dynamic viscosity.

Va2
Re, =74 @)
n

Assuming the fluid properties of pure water are valid, a
maximum local shear (7) of 300 s~" is used, and a particle size of
a 10 um (which is equal to the detection size), the particle
Reynolds number is of the order ¢(1072). Hence, inertial effects
are unlikely to cause considerable migration.”> The crystals
making up the strings in our experiments are too small to sweep
up other solids. In addition, if inertial migration would be the
cause of string formation, it seems likely that higher shear rates
would cause more strings at the local shear rates used in our
experiments. This is not the case, as shown in Table 1.

String formation as a result of non-linear rheological
behavior'®>*?*, The formation of strings as a result of non-
linear rheological behavior has been reported to occur in the
bulk of the fluid,'®*" after which they can migrate from the
bulk to the wall,"® as well as, near the wall after migration of
particles.”>** Pasquino et al. and Van Loon et al. identified
shear thinning and viscoelastic media as the main prerequi-
sites for string formation in this type of string formation.>"*?
The solution medium in our experiments, which is water with
dissolved PCM, does however not exhibit shear thinning. It can
be concluded that “string formation” as described by Van Loon
et al. and Pasquino et al.>"** is not a satisfactory explanation
for the pattern formation seen in our experiments.

String formation as a result of fragmentation, rupture, or
erosion of crystals. The crystals in the bulk of our experiments
are not large enough to be crushed or ruptured between two
plates, but could be susceptible to fragmentation, deagglomera-
tion, or even erosion as a result of fluid shear and/or inter-
particle collisions. The crystals that appear in strings are small,
which reduces the probability that significant fragmentation
occurred. Fragmentation or rupture of crystals could lead to
increased nucleation rates in the wake of the fragmented
parent crystal, as a result of secondary nucleation. Although
this explanation appears plausible, it does not explain why the
probability of string formation, as shown in Table 1, decreases
for increasing angular velocities. Moreover, as previously sta-
ted, the SEM images do not show a large number of surface
defects on the crystals, typically expected upon significant
fragmentation, erosion or crushing. The crystals were also not
covered in a large number of small secondary crystals, which is
often the case if nuclei breeding is occurring (e.g. in ref. 34).
Considering these factors, while the proposed crystal rupture
mechanism may seem plausible, it does not align with the
experimental observations.
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String formation as a result of single crystal or solute
diffusion. Brownian motion is known to cause migration of
particles, but to our knowledge no one has reported that this
can lead to string formation. To evaluate the importance of
single crystal diffusion and Brownian motion on particle migra-
tion the Péclet number is evaluated using eqn (3), with kg the
Boltzmann constant and T the temperature.

nj -’

Pe = T (3)

Assuming again that the fluid properties of pure water are
valid and a minimum local shear (j) of 30 s~*, and with a equal
to 10 pm, the Péclet number is of the order ¢'(10?), which is
significantly larger than 1.** Therefore, it can be concluded that
single crystal diffusion does not lead to considerable migration
in our experiments.

The Péclet number for solute diffusion is of the order ¢(10~°)
or smaller. String formation as a result of solute diffusion is
unlikely to be able to explain string formation as the strings
consist of crystalline patterns. In order for the diffusion of single
solute molecules to contribute to string formation, they must
first become part of a crystal lattice (and therefore grow) before
aligning into concentric patterns.

String formation as a result of sedimentation. PCM crystals
are more dense than water, as mentioned in the Materials and
Methods section, and could therefore sediment. In our experi-
ments strings are, however, formed on the top plate. Hence,
also sedimentation cannot explain the strings seen in our
experiments.

Finally, also the Classical Nucleation Theory (CNT), the
main theoretical framework to describe nucleation, does not
predict the formation of strings.

3.5 Stick-slip motion hypothesis

Considering the probabilistic nature of the observed patterning
it seems likely that nucleation, which is stochastic as well, plays
an important role in the formation of the strings. In view of the
lack of experimental reports and the absence of an existing theory,
as discussed above, to explain the formation of circular bands
during the nucleation of small organic molecules in a super-
saturated solution (in a parallel plate geometry), we propose a new
mechanism called the ’stick-slip motion hypothesis’. This mecha-
nism draws inspiration from the patterns obtained as a result of
stick-slip motion during the drying of colloidal droplets.'®

The stick-slip motion hypothesis is graphically illustrated in
Fig. 8. First, primary heterogeneous crystallization occurs on
the rotating top plate (shown in Fig. 8(a)), after which some of
the crystal undergo stick-slip motion. As these crystals slip into
a new position (shown in Fig. 8(b)), it creates a local extensional
flow in their wake. Combined with a locally increased PCM
concentration®**® and the possible retainment of small crystal-
line particles, the previous (slip) position is an attractive loca-
tion for a new nucleation event (as shown in Fig. 8(c)). Due to
the rotation of the plates, the crystals that move due to stick-
slip will move in a circular path. For increasing higher angular
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Fig. 8 Schematic representation of the stick-slip mechanism to explain
the formation of circular patterns: (a) heterogeneous nucleation on the top
plate’'s surface, which results in an initial increase in the shear stress.
Around the crystal there is a local zone with an increased solute
concentration.?” (b) the crystal on the surface slips into a new position,
which results in a drop in the shear stress and a local extensional flow in its
wake. (c) the locally increased supersaturation and local extensional flow
cause a local increase in the nucleation rate (J), which results in the
appearance of a new crystal.

frequencies fewer crystals undergo stick-slip motion. Then the
probability of patterns appearing, as defined in Section 3.3,
starts to drop significantly.

As previously stated, the crystals composing the strings are
already aligned within the patterns before reaching a detectable
size. In other words, the actual growth or sudden emergence of
a string from a single crystal occurs below the micrometer
length scale. Although the patterning or stick-slip motion
cannot be directly observed, there are some indications that
support to the proposed hypothesis. In the experiments
described above, nucleation starts on the top plate as a result
of its slightly lower temperature. The circular strings appear
only on the top plate. No patterns are detected on the bottom
plate, which suggests that no significant amount of nucleation
took place on the bottom plate. After nucleation has started on
the top plate, crystals also appear in the bulk of the solution
(which do not undergo stick-slip motion, as they are not
flowing close enough to the solid surface). The crystals are
already aligned into strings before they reach the detection
limit of 10 pm. Direct imaging of the stick-slip motion is thus
not possible. The CNT predicts that the critical radius of PCM
nuclei are smaller than 60 A and that they consist of only a few
thousand PCM molecules (the results reported in the ESI, of
ref. 34 can be considered as an upper boundary on the nuclei size
in the experiments presented here). Nucleation detection meth-
ods do not have the resolution to observe events at this scale.*

In order to validate the presented hypothesis, the top plate
was modified in several ways to make it a more unattractive
location for nucleation. The results of these experiments are
shown in Table 2. Changing the crystal-solution-wall interac-
tions (or the wetting behavior of the crystals) on the top plate,
must affect the stick-slip motion.*® Nevertheless, silanizing the
top plate did not significantly impact the results. Increasing the
hydrophobicity of the top plate by using hydrophobic spray
caused a shift in both the nucleation location and the location
of the strings. Nucleation started on the bottom plate, which
resulted in similar strings on the bottom plate as seen pre-
viously on the top plate. In the final set of experiments the
top plate was heated (to 50 °C). This resulted in nucleation
to occur on both top and bottom plates at similar times in the
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Table 2 Location of the first crystal and the appearance of patterns for
various experiments with different conditions on the top plate

Patterns
Top plate Nucleation starts on ~ Top plate Bottom plate
Standard Top plate Yes No
Silanized Top plate Yes No
Hydrophobic spray Bottom plate No Yes
Heated Top and bottom plate Yes Yes

experiment. Crystallization strings then also appeared on both
plates. In this experiment also nucleation in the bulk is slowed
down, because the solution is then surrounded by two hot
plates instead of one. In conclusion, these measurements
support the proposed hypothesis of a combined stick-slip and
(secondary) nucleation effect. String formation can be induced
by promoting heterogeneous nucleation on the plates’ surface
and can be prevented by promoting nucleation in the bulk of
the solution.

Stick-slip motion in magnetorheological suspensions§ is
easily recognizable from their time-dependent shear stress
curvesq with a saw-tooth-like shape.*® Tan and Gogos recognized
a superimposed “‘saw-tooth” type oscillation in their shear stress
response curves for flow-induced melt crystallization of poly-
ethylene and attributed this to stick-slip motion of the
polymer.>® They divided the shear stress curve in several zones:
steady response, nucleation and stress oscillation.>® The length
of the steady response can be used as a measure of the time
before nucleation. The sudden increase in the shear stress can
be attributed to the onset of crystallization (nucleation). The
stress oscillations in their work are attributed to the stick-slip
motion. Shear stress response curves recorded during our shear-
induced nucleation experiments show a remarkable similarity to
the shear stress response curve reported by Tan and Gogos,”®
which suggests that PCM molecules that have nucleated on the
plate’s surface might undergo stick-slip motion.

The viscosity of the measured solutions is low and the
applied shear rates are limited, such that the shear stresses
recorded in the experiments are also low and close to the limit
of the rheometer’s measurement accuracy. Sticking of small
crystals results in an increase of the shear stress, as the
rheometer needs to overcome the additional torque required
to maintain the constant applied shear. In contrast, the
removal of crystals from the surface (i.e. slipping) results in a
sudden decrease in the fluid shear stress. An abrupt increase
observed in the shear stress response curve signifies the
corrective torque applied by the rheometer to compensate for
the deceleration of a plate.

§ An external magnetic field is used to control the lubrication of the suspending
liquid.” The period and amplitude of the shear stress oscillations depend on the
magnetic field strength.*®

¢ The shear stress ¢ = jtj, with y the shear viscosity [Pa s], j the shear rate [1 5]
and o the shear stress [Pa]) is a better indicator of the actual forces acting on the
solute molecules than the shear rate (j). In our experiments conducted with a
stress-controlled rheometer the shear stress is directly related to the applied
torque necessary maintain a constant fluid shear rate.
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The stress response curves shown in Fig. 9 illustrate the
difference in shear stresses for an experiment where crystal-
lization starts and a particularly large number of strings emerge
(Case 2), and an experiment wherein crystals are added prior to
rotational movement (Case 1) and strings are not formed. Stress
oscillations for Case 1 have a small amplitude. Due to the lack
of interactions between the crystals and the surface, no stress
oscillations are observed. The curve for Case 2, on the other
hand, starts with a steady response zone, during which nothing
happens. Then, nucleation occurs and the shear stress rises.
The typical saw-tooth-like pattern is superimposed on this and
is expressed through large stress oscillations. The magnitude of
the oscillations suggests that a significant number of crystals is
sticking and slipping from the plates’ surface. Some of these
crystals may undergo stick-slip motion that eventually results in
patterning. In other words, it is possible that only a fraction of
the crystals experiencing stick-slip motion form patterns. This
could then account for the variations in amplitude observed
among different stress oscillations.

The stick times seem to be similar to the slip times. Over
time, the amplitude of the stress oscillations reduces. In both
curves, the observed oscillations in the steady response regime
(i.e. the first part of the curve) can be attributed to the
measurement accuracy of the stress-controlled rheometer oper-
ating at low shear rates and low viscosity. These oscillations
increase for increasing global fluid shear. Other stress response
curves are shown in the S5 (ESIT).

At higher shear rates the stick-slip motion disappears and
the solids start to slide smoothly along the plate’s surface,*®
which is in-line with our experimental observations that the
patterns do not appear at high shear rates (as shown in
Table 1). The stress response curves in the S5 (ESIt) show that
the stress oscillation zone is shorter for higher shear rates.

1 T T T
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Fig. 9 Stress response curve for an experiment (50 1 s, gap of 0.50 mm)
where crystals were already present prior to shearing (Case 1, in green) and
for an experiment where crystallization and a large number of strings
appeared during shearing (Case 2, in purple). The text indicated on the
figure refers only to Case 2. The dash-dotted lines show the mean shear
stress without nucleation for both cases.
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Fig. 10 The dashed lines show the number of detected crystals passing
through the field of view (from 2/3-Rpmax t0 Rmax) @s a function of time for
an experiment with global shear rate of =200 1 s~! (in yellow) and § =
50 157! (in purple), both for a gap of 0.50 mm. The solid lines show the
corresponding shear stress response curves for these experiment. The
dashed-dotted lines shows the mean shear stress prior to nucleation for
both experiments. The figure also shows cropped frames (from y = 69 to
72 157Y of the experiments for various times. The first string of crystals is
detected in this shear rate interval (bottom figure) shortly after the first
stress oscillations are detected (indicated with ‘small stress oscillation’) is
recorded in the shear stress response curve (top figure). After the appear-
ance of the first string, more strings appear later in the process.

All the above confirms that the stick-slip motion occurs early in
the crystallization process (for crystals smaller than 50 um).
Fig. 10 shows the stress response curves for an experiment with
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global shear rates (7) of 50 and 200 1 s~ (for a gap of 0.50 mm).
For the experiment at 50 1 s~ global shear rate a small number
of strings appeared. The first strings are detected shortly after a
first stress oscillation is detected in Fig. 10 (at approximately
60 s after the start of the process). For the experiment at higher
shear rates no strings were visually detected. The yellow curve
in Fig. 10 does not show stress oscillations with a large
amplitude. All of the above seems to hint at the fact that the
stress oscillations can be linked to the string formation seen in
our experiments and supports the proposed stick-slip motion
mechanism. Despite the fact that the shear stress oscillations
are associated with the patterning, establishing a direct corre-
lation between the magnitude of these stress oscillations and
the emergence of specific strings was not feasible. In particular
the operation of the rheometer too close to its torque limit is
hindering. To overcome this limitation, conducting patterning
experiments using a solution of higher viscosity can offer a
more suitable system to investigate the connection between
shear stress amplitude and string formation.

4 Conclusions

In this research we have studied the shear-induced nucleation of
paracetamol from aqueous solution in a parallel plate rotational
rheometer. Experimental results confirm that the time before
nucleation occurs increases significantly with decreasing global
(or average) shear rates. For small gap sizes, zones of high local
shear rate (at the edge of the plates) show a large increase in the
number of crystals compared to zones of lower shear rate (at the
center). During shear-induced nucleation experiments, crystals
on the top plate nucleated spontaneously and reproducibly in
mesoscale concentric patterns, here referred to as strings. These
strings appeared quickly after the first crystals were detected and
remained smaller than crystals in the bulk. To our knowledge
similar pattern formation during crystallization from solution
has not yet been reported in literature. Although several hypoth-
eses were considered, none could explain the formation of
string-like patterns in our experiments. A new hypothesis based
on an interaction between stick-slip motion and nucleation was
proposed. Influencing the nucleation rate on the top plate, by
changing the surface’s hydrophobicity, changed the location of
the strings from the top plate to the bottom or both plates, which
supports the proposed hypothesis. In addition, shear stress
response curves from an experiment with string formation show
large stress oscillations, which could be linked to stick-slip
motion of the crystals on the plates’ surface. Additional research
is necessary to validate the hypothesis of stick-slip motion.
Further research should strive to establish a direct correlation
between the appearance of new strings and the large stress
oscillations observed during our measurements.

The presented phenomenon gives rise to substantial inspira-
tion for future research. Our observations highlight the com-
plexity of particle hydrodynamics under shear flow and its
importance during the nucleation stage. The experiments with
a silanized top plate suggest that the observations are valid for a
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large range of surface chemistries. A more detailed study of the
effect of surface energy, local surface chemistry and roughness
on the stick-slip motion would be beneficial. In addition, the
research can be extended to different geometries to tune the
pattern formation. Improving the resolution of the particle
detection method, could allow more insights into the mecha-
nistic steps of this phenomenon. Further research may also
investigate whether this phenomenon takes place in other
crystallization setups (such as continuous pipe-flow crystal-
lization, which is also characterized by a well-defined shear
field and flow near a solid surface).
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