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The reproducible crystallisation of small molecules can be difficult due to the myriad of factors influencing
crystallisation events and growth as well as the inhomogeneity of traditional approaches. While continuous
flow approaches can increase reproducibility in sensitive chemical processes, the controlled formation of
solids in flow is technically challenging due to issues with fouling. Further, while one of the simplest means
of inducing crystallisation is the slow decrease of temperature, smooth temperature gradients across a long
distance have not been achievable in flow reactors. Herein we disclose a segmented flow reactor
employing a controlled continuous temperature gradient that allows for continuous crystallisation at
temperature profiles ranging from 80 to 15 °C. The temperature gradient can be altered (input and output
temperatures independently) during operation to rapidly optimise crystallisation conditions. Fine control of
crystallisation conditions for the reproducible growth of single paracetamol crystals serves to illustrate the
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Introduction

The controlled, reproducible crystallisation of small organic
molecules, e.g. active pharmaceutical ingredients (APIs),
remains a significant challenge - which is problematic as
different solid forms can exhibit significantly different
physical and biological properties." The challenge in
controlling which form a molecule crystallises in results from
the myriad of potential and poorly understood influential
factors in this highly sensitive process, including
concentration, temperature and its rate of change, the
presence and chemistry of surfaces and co-crystallisation
agents, mixing, pH, crystal seeding, solvent(s), and the
intrinsic properties of the molecules themselves. While there
are numerous methods for growing crystals, such as solvent
evaporation and solvent layering,”> one of the simplest is
control of the thermodynamic parameter via controlled
cooling of the solution.

There are three zones in a crystallisation process (Fig. 1a).
The stable zone is where the molecules are soluble in the
given solution, labile zone is where substrates are no longer
soluble and uncontrolled precipitation occurs, and the
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potential of this continuous crystallisation method.

metastable zone - a molecule and condition-specific barrier
in between these zones where controlled crystal growth
occurs. The ideal crystallisation process is where a solution
at a given concentration is cooled to the point of entering the
labile zone, at which point spontaneous nucleation occurs,
lowering the concentration of the substrate in solution and
immediately entering the metastable zone. A smooth
temperature gradient decrease following this drop in
concentration keeps the solution in the metastable zone
affording monodispersed particles.

The homogeneous decrease of temperature over time for a
given solution is significantly challenging to achieve from a
technical perspective due to the internal temperature
gradients of a given solution in batch. Flow chemistry is a
technique exhibiting excellent control over thermal and mass
transfer, and has been utilised in a myriad of highly sensitive
processes and transformations.® However, the use of flow for
continuous crystallisation is far less advanced than its use in
synthesis due to the complications of forming solids within
narrow tubing, which often results in blocking and fouling of
a reaction/system.” Flow crystallisation can be performed
with plug flow reactors (PFR)® and cascade/continuous stirred
tank reactors (CSTRs).® In flow crystallisers, the nucleation
event is typically triggered either in situ through sonication,”
rapid cooling® and anti-solvent,® or seed crystals prepared ex
situ and pumped into the crystalliser."®

The key to obtaining monodispersed particles or desired
polymorph is in how these crystals are grown post-
nucleation. Flow crystallisers based on cooling crystallisation
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Fig. 1 Schematic showing, a. cooling crystallisation pathway highlighting that to achieve monodisperse particle sizes, the cooling gradient must be
such that the labile zone is reached only once; b. the current state-of-the-art showing five discrete temperature zones leading to polydisperse particle
sizes; c. the presented apparatus designed for a continuous smooth temperature gradient achieving monodisperse particles; d. thermal image of the
KRAIC-G system; e. a graph of the representative change in temperature versus length of the reactor in the KRAIC-G (SP1: Set Point 1; SP2: Set Point 2).

for crystal growth require a temperature gradient - difficult
to achieve across a length scale. Approaches to-date use a
series of temperature jackets/baths.®'' However, at each
sudden change in temperature, the solution can exit the
metastable zone and re-enter the labile zone, causing
unwanted secondary nucleation that result in polydispersed
particles (Fig. 1b). Currently, the most controllable
temperature gradient for PFRs relies on a coil heater with an
uneven pitch across the reactor to generate a varied
temperature gradient, yet this has only been achieved for
high temperatures (e.g. 200-800 °C)."?

Flow technologies allow for rapid self-optimisation and are
particularly powerful when coupled with real time inline
analysis. Furthermore, rather than running through individual
iterations of different conditions, non-steady-state or transient-
state experiments — where the conditions change continually -
can significantly reduce the reagents and time to explore a vast
experimental space. Reaction kinetics have been sampled by
varying residence times,"” residence times and temperatures,"*
as well as flow rates, temperatures, and concentration.”® A
broad chemical map (in some instances) can thusly be
established in short time using minimal reagents.

In order to ensure efficient and accurate rapid
optimisation within a flow environment, we must operate
within plug flow, where there is no back mixing of solution.'®
Segmented flow is an effective method of ensuring plug flow
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through physical separation of the solution into discrete
droplets or slugs."” Additionally, the non-slip boundary at the
interface between the immiscible fluids induces bolus flow
which provides downstream mixing, further
homogeneity of the crystallisation environment."®

Here, a set-up for achieving a controlled, variable, and
smooth temperature gradient in a flow environment at
crystallisation-relevant temperatures is presented (Fig. 1c-e).
Based on the kinetically regulated automated input
crystalliser (KRAIC) segmented flow reactors,'® the developed
system (KRAIC-G) is a controlled temperature gradient
reactor where the reactor inlet is actively heated while the
outlet is actively cooled. This juxtaposition creates a seamless
temperature gradient across the length of the reactor
(Fig. 1d and e). By varying the inlet/outlet temperatures and
the flow rate of the solution, variable temperature gradient
curves can be generated (Fig. 1e), allowing for conditions to
be created to best approximate the ideal growth curve
through the metastable zone (Fig. 1a). The temperature
gradient curve can also be changed throughout the
experiment for non-steady state conditions, allowing a vast
experimental space to be sampled with minimal time and
reagent use. The API paracetamol served as an example to
illustrate the crystallisation control of the KRAIC-G, with a
focus on generating one single crystal from one nucleation
event within each slug. This particular target was chosen for

ensuring

This journal is © The Royal Society of Chemistry 2023
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the challenge it presents regarding controlling such a low
rate of nucleation and growth, and to generate singular
crystals in a flow environment for ongoing work in in situ
X-ray diffraction with applications in serial crystallography'®
and crystallography of radiation sensitive materials.

Results and discussion
Crystalliser set-up and capabilities

Independent of the conditions/apparatus to perform a
crystallisation is the means of delivering solutions in an
environment free of nucleation sites that is also capable of
transporting the heterogeneous solution post-crystallisation.
The ideal flow solution is a tri-phasic segmented stream (gas,
carrier fluid, solution - Fig. 2a), which has been shown to
provide reproducible crystallisations with ~ minimal
encrustation and blockage events.'®*° The starting solution
and the triphasic solution stream prior to the crystallisation
section are actively temperature controlled via electrical
heating to keep the environment above the solution
saturation temperature (Fig. 2b, see ESIt for details).

The gradient crystalliser is comprised of a two-layer
temperature control unit about which fluoroethylenepropylene
(FEP) tubing (14 m 1/8” internal diameter (ID)) is wrapped in
the outer threaded layer of the control unit (Fig. 2c). The core of
the temperature control unit is a polypropylene cylinder with a
helical thread. The complementary thread exists in the outer
aluminium shell, creating a fluidic path within the unit between
the two layers through which a variable temperature cooling
solution is flowed from top to bottom. In the bottom of the
aluminium shell is inserted six equally spaced cartridge electric
heaters. The entry/exit temperature of the crystallisation unit is
controlled by the settings of the heating rod and the cooling
fluid and actively maintained via PID feedback control. The rate
of change of the smooth, parabolic temperature gradient curve
is controlled by the difference between the entry/exit
temperature and the flow rate of the cooling solution (Fig. 3).
The FEP tubing is isolated from ambient conditions, providing
reproducible temperature gradients, by a mobile Perspex shield

a) Fluorinated
Nitrogen Solvent
Crystallization
Solution
b)  FromFeed To Gradient

Vessel Crystallizer

o

Gas and Carrier Fluid
Preheating Lines

Fig. 2 a. Schematic of tri-segmented flow; b. image of segmentation
section showing initial combination of gas and carrier fluid before
introduction of solution; c. schematic of the KRAIC-G highlighting
inner threaded core (for cooling fluid) and outer (heated) aluminium
shell with thread for crystalliser tubing.
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Fig. 3 a. Temperature map of non-steady-state (NSS) gradient
calibrations for 60-20 — 40-15 °C at 0.5, 1, 5 and 10 °C min™*. Overlaid
arrows indicate the temperature profile of a single slug; b. temperature
gradients along the crystalliser length at steady-state; c. temperature
profile for a single slug at 0, 5 and 10 min ET during a 1 °C min™* NSS
experiment; d. temperature profile for a single slug at 0 min ET for all
temperature ramps; e. temperature profile for a single slug at 0, 5 and
10 min ET during a 1 °C min™* NSS experiment. Note that for clarity all
stated temperatures are those input into the control unit,
experimentally achieved temperatures are presented.

and descending nitrogen atmosphere. This also prevents
condensation on the tubing during sub-ambient operation
while allowing access to the crystalliser in the event of a
blockage.

The capabilities of the gradient reactor were tested under
steady-state conditions (two hour stabilisation period), fixing
the flow rate of the cooling fluid as well as the temperature
produced by the heating rods and that of the cooling fluid.
By individually varying these three factors, the end points -
and critically the rate-of-change of the observed parabolic
temperature gradients - can be manipulated to achieve a
broad range of crystallisation conditions (Fig. 3b and Table
S1 in ESIf). These gradient curves are independent of the
flow rate of the crystallisation fluid, with minimal average
deviations observed at any given point in the reactor (0.9 °C)
observed (Fig. S4c in ESIY).

React. Chem. Eng., 2023, 8,77-83 | 79
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One conceptual benefit to segmented flow crystallisation
is that each segment is effectively an isolated set of
crystallisation conditions. So while at steady-state each
segment experiences the same conditions, this is not
required for optimisation of conditions. By modulating the
three factors controlling the rate of temperature change
during the course of a run, these isolated segments will
experience unique crystallisation conditions, allowing for the
rapid exploration and optimisation of crystallisation
conditions and significantly reducing both the solvents/
reagents and the time required to explore a broad
experimental space.

An example of the temperature maps accessible for the
crystalliser under non-steady state (NSS) conditions is shown
in Fig. 3. By individually and simultaneously changing the
input and output temperatures at different rates (0.5, 1, 5
and 10 °C min™"), exploring temperature gradients from 60~
20 °C (input-output) to 40-15 °C (denoted 60-20 — 40-15 °C)
over a 30 min experiment time, the solution slugs experience
a broad range of different temperature curves based on their
entry time into the reactor (Fig. 3a).

The temperature gradients experienced by one slug
passing through the crystalliser starting at experiment times
of 0, 5 and 10 min during a 60-20 — 40-15 °C NSS
experiment with a ramp rate of 1 °C min™" (Fig. 3¢) and 10
°C min" (Fig. 3e) for both cold and hot extreme
temperatures are shown. The set gradients of 5 and 10 °C
min~' are not achievable within the limits of the apparatus
due to limitation of heating/cooling power of the cartridge
heaters/water circulator used. The average temperature
gradient for the controlled hot extreme achieved is 2.2 and
2.6 °C min~" for the 5 and 10 °C min™" calibration runs
respectively, see Table S21 for full details. The programmed
temperature range is achieved for slower temperature
gradients; an average 0.52 and 0.94 °C min' temperature
change is achieved for the hot extreme temperature for the
duration of the 0.5 and 1 °C min™ calibration runs
respectively (see ESIf Table S2 for details). The cold extreme
temperature ramp is very similar for all ramp rates with 0.24-
0.32 °C min™' achieved. Fig. 3d shows the temperature
profiles for a single slug traversing the crystalliser with a
temperature ramp for each set ramp rate (0.5, 1, 5, 10 °C
min™"). Steady-state is reached for the cold end point for each
ramp, the paths for 0.5 and 1 (0.52 and 0.94 actual) °C min™"
and 5 and 10 (2.2 and 2.6 actual) °C min™" are very similar
due to the similar actual achieved ramp rate and time taken
for heat transfer throughout the column from the controlled
hot and cold ends.

Paracetamol crystallisation

To showcase the inherent attributes of the developed
system, the controlled crystallisation of
paracetamol (acetaminophen) was chosen due to its well
understood crystallisation behaviour across different
crystallisation environments.”" Paracetamol is a commonly

continuous
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used analgesic that can crystallise in three polymorphic
forms. The elusive nature of two of those polymorphic forms
(IT and III) have in part rendered this API a widely explored
pharmaceutical model compound for crystallisation
studies.”® Typically, large (>1 mm) single crystals of
paracetamol are made through slow evaporation over
weeks,>® or cooling over hours>**® often yielding
inhomogeneous product.

To explore the paracetamol crystallisation space, two
sequential NSS screenings were performed within the same
continuous experiment. Paracetamol (255 g L™') in water/
isopropanol 60/40 (vol/vol)*® was subjected to an initial NSS
screen where the hot extreme temperature was ramped from
60 to 40 °C at a rate of 1 °C min~" whilst the cold extreme
temperature remained constant (denoted 60-20 — 40-20).
During this initial screen, no crystallisation was observed. A
second NSS screen was then implemented within the same
sequence, with the hot extreme temperature remaining
constant at 40 °C and a ramp of 20 to 15 °C (1 °C min™") for
the cold extreme temperature (denoted 40-20 — 40-15).

The NSS experiment displayed low statistical power
behaviour with respect to the crystallisation events (Fig. 4,
ESIT Table S3); this is to be expected given the low level of
nucleation targeted. The 40-20 — 40-15 ramp was initiated
at experiment time (ET) 46 min. A region of optimal
crystallisation rate - with the highest number of slugs with
singular crystals inside - was observed at ET 55-67 min.
Before 55 minutes, the single crystal percentage is high but
the number of slugs containing crystals is lower (Fig. 4a).
After the optimal zone, the percentage of slugs with crystals
is higher, but the percentage of slugs with a single crystal is
low (i.e. more than one crystal is produced within the slugs).

Steady-state (SS) temperature ramps were next targeted to
mimic the optimal temperature profile (ET 61). The temperature
profile (slope) is most critical at the early stage of the reactor to
control the number of nuclei and extent of crystallisation
(Fig. 4b). The differences in the temperature profiles for the
slugs with minimal (ET 50), optimal (ET 61), and clustered (ET
85) crystallisation can be seen in the dashed lines of Fig. 4c.
The slope of the cooling curve for the SS temperature profiles is
steeper in the earlier stages of the crystalliser tubing compared
to the NSS curves with similar end temperatures (Fig. 4b). This
can be explained through the dual temperature control
mechanism of the KRAIC-G. The extreme end temperatures will
change rapidly but the central portion of the KRAIC-G, where
the resultant temperature is a secondary effect of the two
competing hot and cold ends, will have a slower response. End
temperatures above those of the optimal crystallisation
temperature profile in the NSS runs were thus used to target the
ideal initial curve of the temperature profile for SS
crystallisation. The precise temperature gradient achieved
through NSS operation was not achievable at SS, although
changing the cooling fluid flow rate in the future may allow for
more gradients to be tested.

A comparison of crystallisation results with the SS cooling
curves 40-17 and 40-18 (Table 1) shows that the 40-17

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Highlighting the minor conditional changes which result in significant changes in crystallisation: a. percentage of slugs containing crystals
highlighting the percentage of those containing only a single crystal vs. multiple crystals within the slug as a function of experiment time and final
(cold extreme) temperature (end temp); b. the temperature profile plots of crystallisations recorded at 50, 61 and 84 min experiment time (ET) for
the NSS crystallisation (dashed lines) and SS curves targeted to achieve a similar crystallisation profile to the optimal ET 61 min; c. temperature
map of the NSS experiment highlighting the profile of ET 50, 61, 85 (arrows left to right). Dashed and dotted line indicates start of temperature
ramp, dashed lines indicates projected temperature thereafter.

Table 1 Quantitative analysis of paracetamol crystallisation for non-steady-state (NSS) and steady-state (SS) cooling crystallisations. % slugs identifies
the percentage of slugs with one or more crystals, % SX identifies the percentage of those slugs with a single crystal. N.B. number in brackets denotes
data taken only from filter paper acquisitions (see ESIt section 3)

Experiment NSS SS 40-17 SS 40-18

time (min) % slugs % SX % slugs % SX % slugs % SX
55-67 10.3 (9.3) 86.7 (100.0)

49-52 3.5 (5.6) 87.5 (62.5)

60-63 8.8 (11.9) 65.0 (95.0)

79-74 25.9 (15.0) 53.1 (55.3)

90-94 23.4 (18.8) 66.7 (81.0)

46-50 2.1 (3.1) 100.0 (100.0)
56-60 3.9 (5.6) 81.8 (88.9)
71-75 6.1 (5.6) 78.6 (88.9)
83-87 2.1 (5) 80.0 (87.5)

cooling curve results in high levels of crystallisation but a low  feed inlet experienced by the slugs collected at earlier ETs as
percentage of single crystal slugs. The 40-18 cooling profile  a result of changing from priming solvent to solution at the
retains a high level of single crystals in slugs although the  start of the experiment.

percentage of slugs with crystals is lower than in the optimal Under the conditions explored, paracetamol crystallised
period in the NSS experiment (ET 55-67 Fig. 4a). In SS  primarily in a rhombohedral plate habit. At higher levels of
crystallisation runs, a progression of crystallisation outcomes  crystallisation, trigonal plates or parallelepiped prisms were
can be seen over time, likely due to a dilution effect in the  observed (Fig. 5). Crystallisation in water is known to tend

This journal is © The Royal Society of Chemistry 2023 React. Chem. Eng., 2023, 8, 77-83 | 81
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Fig. 5 a. Online camera images of prism parallelepiped, multiple
rhombohedral and clustered crystals (left to right); b. crystals obtained
from two sets of 40 slugs, offline camera images of crystals from SS
40-17 crystallisation run, scale grid is 1 mm? rhombohedral crystals at
the outlet of the KRAIC-G, c. single rhombohedral crystals obtained
during NSS ET 55-67 and SS 40-17.

towards plate-like crystals whereas crystallisation in IPA will
produce prism parallelepiped crystals.”” Rapid crystallisation
in a methanol/water system was shown to produce
rhombohedral plates whilst slower crystallisation produced
prisms.>® Using a solvent system of water/IPA (60:40) and a
maximum crystallisation time of 30 min a combination of
plates and parallelepiped prisms were detected as expected.
The percentage of rhombohedral plate crystals was higher
during crystallisation conditions where there was a low yield
of crystals but a high percentage of singular crystals,
indicating a high level of nucleation and growth control
regarding both number and shape of crystals possible within
the developed reactor. Fig. 5a shows slugs with multiple
crystals and irregular habit from an uncontrolled region of
the NSS experiment. Controlled habit and crystal size of
paracetamol crystals from controlled crystallisation collected
from 40 successive slugs (Fig. 5b) and captured through
inline imaging (Fig. 5c) are shown.

Two differences were observed in the crystals produced
from the NSS and SS runs (Table S4f). Steady-state runs
produced rhombohedral crystals that were about 20% larger
than those from the NSS runs. However, the percentage of
crystals exhibiting the rhombohedral habit was significantly
higher in the NSS runs than was obtained in the SS runs.

Conclusions

A flow crystalliser capable of a controlled and smooth
temperature gradient has been presented. The range of
temperature gradients in both steady-state (SS) and non-
steady-state (NSS) operation was explored. NSS operation was
used to rapidly assess the ideal temperature gradient to
achieve unseeded crystallisation of paracetamol, targeting the
production of singular crystals within each slug. Using this
method, we were able to rapidly identify the optimal cooling
curve for our target operation. The smooth temperature
gradient removes barriers for unseeded cooling crystallisation
in flow where supersaturation can be reached gradually,
preventing a high degree of nucleation events whilst still
enabling significant growth. This is evidenced by the very low
nucleation rate but large crystals achieved in the presented
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work. Generating single crystals within each slug can be the
basis for identifying factors impacting crystallisation events
and habits formed, as well as for the development of single
crystal XRD for radiation sensitive samples.
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