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The effect of solvents on crystal regeneration

Isha Bade, @ Deniz Etit @ and Jerry Y. Y. Heng ®*

Solvents play a pivotal role in crystallisation, affecting crystal growth and properties. This study investigates
the regeneration behaviour of paracetamol crystals in ethanol, tetrahydrofuran, and acetone using both
evaporative and isothermal crystallisation setups, coupled with a custom MATLAB-based edge detection
algorithm for facet-specific growth rate measurements. Regeneration was observed in all solvents, with the
fastest rate observed in ethanol (0.07 mm h™), followed by THF (0.03 mm h™), and acetone (0.02 mm h™)
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at a supersaturation ratio of 1.10. In all cases, regeneration was driven by rapid growth of the (0 1 0) facet,
restoring crystals to their original shapes. Crystal shape influenced the regeneration time, with a rapid initial
phase comprising 8-15% of total regeneration time. Molecular dynamics simulations were utilised to

quantify solvent-crystal interactions, showing that not only do the inherent solvent properties play a role

rsc.li/crystengcomm

Introduction

Morphology defines the inherent and unique set of crystal
faces, resulting from the crystals' internal structure. While the
equilibrium morphology, based on the Gibbs-Wulff
theorem,'™ is governed by thermodynamics, solution-grown
crystals rarely achieve such ideal conditions due to the
complex interactions in the liquid phase. The morphology of
solution-grown crystals is determined by kinetics, such that
the steady-state morphology will be dominated by the slow
growing facets, as established by Frank and Chernov.*® This
is because in a solution environment, the attachment of
growth units onto the crystal surface defines the particle
shape rather than the surface tension. Traditional models like
the  Bravais-Friedel-Donnay-Harker =~ (BFDH)™*°  and
attachment energy (AE)'"'? theories provide insight into
kinetic morphology based on the interplanar spacing and
periodic bond chains respectively, however, are calculated in
a vacuum environment and overlook solvent effects. To
address this limitation, modified attachment energy
(MAE)"' models and molecular dynamics (MD)"*®
simulations have been developed, incorporating solvent-
crystal interactions to better predict real-world crystal growth.

The use of different solvents has been shown to alter
crystal habit whilst maintaining the same polymorphic form
and therefore influencing downstream processibility of
crystals such as filtration, compatibility and flowability.**"~*°
As different crystal facets have different chemical
moieties,>*>? the solute-solvent interactions for each facet
vary, leading to different facet specific growth rates and

Department of Chemical Engineering, Imperial College London, South Kensington
Campus, SW7 2AZ, UK. E-mail: jerry. heng@imperial.ac.uk

This journal is © The Royal Society of Chemistry 2026

but also the solubility of paracetamol significantly affects crystal regeneration.

eventually a solvent-specific crystal habit. For form I
paracetamol specifically, various studies have reported
solvent-specific habits attributing to solvent properties such
as polarity, pH, solubility of the solute, and the hydrogen
bonding interactions between the solute and the surface
chemical groups.>*>° For example, experimental studies with
paracetamol have demonstrated a columnar habit when
using polar protic water, and a prismatic habit in other
selected polar protic, aprotic, and non-polar solvents.*
Multiple studies have also validated experimental findings
using molecular dynamic simulations where the solute-
solvent interactions on different facets have been
computed.'®*”*° However, these investigations are limited to
the most morphologically important facets - facets that
occupy the highest surface area of the equilibrium crystal
habit. The effect of solvents on the facets exposed after
breakage is seldomly studied even though breakage can
drastically affect the final crystal properties.

Mechanical breakage is commonly observed in industrial
crystallisers due to crystal-crystal, crystal-impeller, and
crystal-wall interactions.*’ Approaches to determine crystal
morphology have evolved over the years, as seen above, but
surprisingly very little is known and studied about the effect
of mechanical breakage on the final crystal structure, shape
and size. Population balance models (PBMs) generally do not
account for breakage and growth post breakage due to the
added complexity as well as the lack of experimental data on
the topic.>**? In the last decade, models have been developed
that take into account crystal fragmentation and their
consequent growth,**** as well as simultaneous crystal shape
and size prediction.”*>*® However, none of these models take
into consideration specific post breakage growth kinetics,
and assume that growth of fragments will follow the same

CrystEngComm, 2026, 28, 357-370 | 357


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ce00353a&domain=pdf&date_stamp=2026-01-10
http://orcid.org/0000-0001-6356-504X
http://orcid.org/0000-0003-2048-7285
http://orcid.org/0000-0003-2659-5500
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00353a
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE028002

Open Access Article. Published on 07 October 2025. Downloaded on 3/14/2026 6:09:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

trajectory as unbroken crystals. Very recently, steps have been
taken in understanding the facet development of fractured
crystals through 4D tracking in studies observing the growth
of fractured aluminium potassium sulphate crystals.*’
Additionally, simulations have been employed to predict the
growth rates of the facets of para-aminobenzoic acid crystals
exposed by breakage.® On the process modelling side, an
MSMPR model has been developed, designed to utilize
broken crystals as seeds as a means of enhancing product
yield due to their faster growth rates than unbroken
crystals.>® However, still, large knowledge gaps exist in the
understanding of the specifics of the post-breakage crystal
growth behaviour due to a lack of experimental evidence.
Recently, the ‘regeneration’ phenomenon was reported for
the first time where in a paracetamol crystal was observed to
grow back to its original shape after breakage along its
cleavage plane (0 1 0), before demonstrating overall growth.*’
Consequently, instances of regeneration were reported by
other research groups in the past year, both in paracetamol
crystals*' and other systems, such as aceclofenac.*

Single crystal growth rate measurements have been of
interest for many years. By growing high-quality single
crystals and precisely measuring their dimensions,
researchers can elucidate crystal growth behaviour in extreme
detail, which can then be applied to multi-crystal and bulk
systems. Traditionally, single crystal growth cells equipped
with real-time microscopy have been widely used to capture
crystal growth.**™*> While early analyses relied on manual
measurements, recent advancements have introduced edge
detection algorithms for more automated assessments.">"*®
However, these growth cells are limited to stagnant systems
without stirring. To overcome this limitation and collect
growth data from multiple crystals, a rotating disk method
was developed, where crystals are immobilised on an
impeller rotating at a controlled speed.’’*® However, this
approach does not allow real-time imaging—crystal
dimensions can only be measured before and after the
experiment. Despite these advancements, real-time single
crystal imaging remains highly desirable yet challenging and
labour-intensive. Moreover, all these methods typically use
extremely small crystals, where growth occurs within minutes
to hours, making it difficult to capture subtle or uncommon
phenomena. To address this, the authors introduced a new
methodology,’® employing macrophotography to study the
growth of larger, high-quality crystals. This approach enables
slow and precise real-time tracking of crystal growth.

The work investigates the effect of three different solvents;
ethanol, tetrahydrofuran (THF) and acetone, on the
regeneration behaviour of paracetamol crystals, providing
mechanistic insights into the post breakage growth
phenomenon. The rate of regeneration in each system was
measured using automated real-time imaging and image
analysis techniques developed in-house. Interaction energy
calculations between the (0 1 0) surface and the solvent
molecules were also performed computationally, elucidating
the trends in solvent-specific regeneration rates.
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Experimental section

Materials

Paracetamol (CAS: 103-90-2) with >98.0% purity was
purchased from Sigma Aldrich. Ethanol (CAS: 64-17-5) with
99.8% purity and acetone (CAS: 67-64-1) with 99.8% purity
were purchased from VWR Chemicals. THF (CAS: 109-99-9)
with 99.8% purity was purchased from Thermo Scientific.

Obtaining and cutting crystals

Single crystals in ethanol, acetone, and THF were obtained via
slow solvent evaporation at room temperature. A saturated
solution of paracetamol and the desired solvent at room
temperature was prepared and filtered through a 0.45 pm PTFE
filter into a 50 ml borosilicate glass crystallisation dish. Once
the dish was three quarters of the way full, it was covered using
parafilm which was pierced using tweezers to make
approximately 1 mm diameter perforations. It was then placed
in the fume hood to allow for slow evaporation of the solvent.
After having left the crystallisation dish in the fume hood for a
few days, depending on the rate of evaporation of the solvent,
approximately 1-2 mm diameter seeds of paracetamol could be
seen at the base of the dish. These seeds were carefully collected
using blunt tweezers, immediately placed on a soft tissue and
pat dried to avoid encrustation on the crystal surface. The seed
crystals were placed individually in small vials, filled with
~10 ml of saturated solution of the corresponding solvent.
The vials were covered with parafilm, perforated as
mentioned above and placed in the fume hood for 1 week to
enable evaporative crystallisation. The solution was
continually refilled so that the vials do not dry out during the
experiment. Once the crystals reached an approximate size of
4-5 mm, they were collected and dried using the same
procedure mentioned above. To conduct the regeneration
experiments, prepared paracetamol crystals were cleaved
along their (001) facets, exposing their internal cleavage plane
(0 1 0), using the same methodology as detailed in the
previous publication®® and as seen in Fig. 1(a).

Powder XRD

Powder X-Ray Diffraction (PXRD) investigation for the crystals
obtained from the three solvents was carried out using
PANalytical X'Pert PRO X-ray diffractometer. As standard PXRD
protocol, the crystals were ground to fine powder in a pestle
and mortar to minimise any preferred orientation. The powder
was then pressed flush against the sample holder using a glass
slide to flatten it and excess powder on the edges of the holder
was brushed off using soft tissue prior to being placed inside
the machine. The X-ray diffraction measurement was
performed using Cu Ko radiation (1.5405 A) at 40 kv and 20
mA. All samples were conducted at a scanning rate of 50
seconds per step, with a step size of 0.013°, over a diffraction
angle range from 5° to 35°.

The PXRD pattern for form I paracetamol was calculated
in Mercury (version 2024.1.0, CCDC, Cambridge, U.K.) using

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Experimental setup depicting the (a) cleaving process of a paracetamol crystal, and the 2 imaging setups; (b) automated screening using
robotic arm for evaporative crystallisation, (c) isothermal crystallisation with DSLR camera.

the crystal structure data deposited in the Cambridge
Structural Database (CSD), reference: HXACANO01.*"

Automated setup for regeneration screening

An automated imaging setup was built using an RS90 USB
microscope attached to a DoBot® magician robotic arm that
was programmed using a Python script, to screen multiple
crystallisation dishes over a certain period (Fig. 1(b)). 50 ml
crystallisation dishes were filled with a saturated solution of
paracetamol-solvent (acetone, ethanol, or THF) at room
temperature and paracetamol crystals grown from the
respective solvent were cleaved and placed in the dish. The
dishes were covered using a glass lid with an overhang of 5
mm, allowing very slow solvent evaporation and hence crystal
growth. With the aid of the robotic arm, the microscope was
able to move over the dishes at regular time intervals and
capture images. These images were then analysed using an
edge detection script developed in-house using MATLAB,
detailed below, to obtain growth rate data.

Regeneration at constant supersaturation

Solubility curve for paracetamol in different solvents. The
solubility of paracetamol in ethanol, acetone and THF at six
different temperatures; 10 °C, 20 °C, 25 °C, 30 °C, 40 °C and
50 °C were measured via gravimetric analysis. 100 ml of
solvent was mixed with an excess of paracetamol and stirred
using a magnetic stirrer at the desired temperature at 200
rpm for 24 hours. The solution was then allowed to settle for
two hours, following which two 5 ml samples were taken and
filtered through 0.2 um cellulose acetate membrane into
Eppendorf vials. The solution from the vials was then allowed
to evaporate at room temperature until no traces of liquid
were left. The mass of the solution before and after

This journal is © The Royal Society of Chemistry 2026

evaporation was measured and the concentration of the
solution was calculated using eqn (1).”°

c— (mvdr - mv) (1)

(mvs - mvdr)

where m,q; is the combined mass of the dried solute and the
vial, m,s is the combined mass of the solution and the vial,
and m, is the mass of the empty vial. This was repeated
thrice for each temperature and hence an average
concentration over six samples was calculated to determine
the solubility curve. The final solubility curve; concentration
against temperature, was found by fitting the data points as
an exponential function of temperature with an R* value
closest to 1.

Isothermal crystallisation. To investigate the effect of
solvents at a constant supersaturation an isothermal
crystallisation setup was developed (Fig. 1(c)). A 100 ml
jacketed vessel was connected to a circulating water bath.
Paracetamol crystals of size of 4-5 mm were cleaved and
suspended in a 60 ml glass bottle, ensuring the freshly
cleaved facet faced the bottle's base. It is important to note
that just after cleaving the crystal, it is washed with ice cold
water (4 °C) and gently pat-dried with tissue. Given the very
low solubility of paracetamol in water at 4 °C (~0.01 g g '),
this step was considered effective for removing any debris
and minimising secondary nucleation. The crystal was
immobilised by tying it to a few strands of Kevlar fibre,
threading these fibres through a glass capillary, and securing
the fibres to the capillary using Blu Tack®. The capillary was
passed through a hole in the bottle lid and secured in place,
again using Blu Tack®. This immobilised the crystal in the
solution for better imaging, as seen in Fig. 1(c). Initially, a
solution saturated at 30 °C (T,) was added to a glass jar,

CrystEngComm, 2026, 28, 357-370 | 359
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which was then placed in the jacketed vessel set at 30 °C for
2 hours.

The solution was subsequently cooled to a temperature
resulting in a supersaturation ratio of 1.10 (7.) and
maintained for another hour, after which the crystal was
inserted into the solution. The insertion of crystal was done
with great care to prevent any sudden disturbance to the
crystal which could potentially serve as a reason for
nucleation. The supersaturation ratio, S, was calculated using
the solubility data using eqn (2):

c
S=% (2)
where ¢ is the concentration of the solution, and c¢* is the
equilibrium concentration (solubility) at a given temperature.

The jacketed vessel was placed inside a photography light
box and using the same Nikon D90 DSLR camera rig detailed
in the previous study,’® the regeneration of the crystals was
monitored. Images were captured every 15 min for a duration
of 55 hours following which they were analysed using an in-
house MATLAB script, detailed in the results below, to obtain
growth data. It is important to note that concentration of the
solution was measured before the crystal was inserted as well
as at the end of the 55 hours. In each case the change is
concentration was <5% and therefore considered constant
throughout the experiment.

Measuring crystal growth rate

A MATLAB script was developed to process and analyse the
images from both set of experiments; screening with robotic
arm, and isothermal crystallisation. The script is essentially
an edge detection algorithm that traces the crystal boundary
and can be used to obtain desired dimensions of the crystal.
Two types of measurements were obtained:

1. Characteristic lengths: for the screening studies, two
characteristic dimensions of the crystal were measured;
length a, normal to the cleavage plane, and length b, parallel
to the cleavage plane (Fig. 2(a)). This approach has been
described in detail in the previous publication.*®

2. Facet propagation of (0 1 0): for the isothermal
crystallisation studies, to get a more accurate representation
of the rate of regeneration, the advancement of the (0 1 0)
was measured (Fig. 2(b)).

(@ (b)

Fig. 2 Diagram depicting the measurement of (a) characteristic
dimensions: length a and b (b) facet propagation of (010) on a
simplified drawing of a paracetamol crystal as viewed through the
microscope and camera.
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The crystal growth rate was then calculated using the
following equation (eqn (3)):

AL
=7 (3)
where L is the length of the characteristic dimension or the
distance between the crystal centre and the facet (hkl), and ¢
is the time.

Fig. S1 depicts a summary of the image analysis script for
a representative crystal image. A summary of the key steps of
the algorithm can be found in the SI whilst the full script is
available to readers upon request.

Computational section

For all computational studies, crystal structure of monoclinic
form I paracetamol was obtained from the Cambridge
Structural Database (CSD) (refcode: HXACANO1 (ref. 49)), of
space group P2,/a with lattice parameters: a = 12.93 A, b =
9.40 A, ¢ = 7.10 A and « = 90°, § = 115.9°, y = 90°, with four
paracetamol molecules in the unit cell. All simulations were
performed in Accelrys Materials Studio 7.0 software.

Forcefield selection

Prior to any simulations, the crystal structure was geometry
optimised using the ‘Forcite’ module using 3 forcefields:
COMPASS 11,>! Drieding,”® and Universal,>® that are
commonly used for organic molecules. COMPASS II was
chosen as the forcefield going forwards as the relative error
associated with the optimised cell parameters was the least
(Table S2).

Vacuum morphology

Following geometry optimisation, the crystal habit in vacuum
was predicted using the ‘Morphology’ tool in Materials
Studio. The ‘Growth Morphology’, which is based on the
attachment energy (AE) model, was executed using the
COMPASS 1I forcefield and a list of important facets that
determine the morphology was obtained.

Interaction energy calculation

Based on the vacuum morphology, the crystal was cleaved
parallel to the (0 1 0) surface and a periodic supercell of
3 x 3 unit cells and 4 x dyy depth was created. The
solvent layer was then constructed using the ‘Amorphous
cell’ tool by creating a cell of 400 randomly distributed
solvent molecules of the desired solvent; ethanol, acetone,
and THF. The dimensions of the solvent layer were
chosen to match that of the superstructure of the crystal
surface and the target density was set to the solvent
density at room temperature (298 K): ethanol - 0.789 g
em™, acetone - 0.784 g cm ™, and THF - 0.888 g cm °.
The amorphous layer was then subject to geometry
optimisation and cell relaxation by molecular dynamics
using the NVT ensemble at 298 K for 300 ps controlled

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Flowchart illustrating the workflow utilised in Materials Studios for evaluating surface-solvent interaction energy.

by the Anderson thermostat.* The NVT ensemble ensures
that a constant number of moles, volume, and
temperature of the system is maintained. Subsequently, a
bilayer was built with the solvent layer placed above the
crystal surface along the ¢ axis. A 50 A vacuum slab was
placed above the solvent layer to avoid the effect of
additional free boundaries. All except the topmost layer of
the crystal were fixed along the a, b, and ¢ directions.
The entire system was then geometrically optimised, and
the MD was assessed by the Anderson thermostat using
the NVT ensemble at 298 K with a step time of 1 fs. The
electrostatic interactions were calculated using the Ewald
method with an accuracy of 0.0001 kcal mol™, whilst the

Ethanol THF

atom-based summation method with a cut-off distance of
15.5 A was used for van der Waals forces. Two sets of MD
simulations were run, first to equilibrate the whole system for
100 ps (Fig. S2) followed by another MD simulation for 50 ps
to obtain the energy values. Fig. 3 shows a schematic
representation of the simulation approach for this study,
whilst dimensions of the unit cell of the (0 1 0) surface as well
as the simulation box can be found in Table S3.

The total potential energy, Eo, of the simulated crystal-
solvent layer was used to the calculate the interaction energy,
Eint, using eqn (4):

Eine = Eror — (Ecry + Esol) (4)

Acetone

Longest
9 Distance required to complete

regeneration

Shortest

Fig. 4 Experimental habits of paracetamol obtained via slow evaporation in (a) ethanol, (b) THF, and (c) acetone. The crystals in the image are
approximately 1 cm large along their longest dimension (d) diagrams highlighting the characteristic dimension b and (010) facet propagation on
the observed experimental habits in the different solvents (e) vacuum habit of form | paracetamol (HXACANO1) predicted by the attachment

energy theory using Materials Studio.
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Fig. 5 (a) Solubility curves of paracetamol in the three solvents and (b) diffraction patterns of crystals obtained from top to bottom: ethanol, THF,

and acetone, compared to the diffraction pattern of form | paracetamol (HXACANO1) obtained using Mercury.

where E., and E, are the energy of the crystal and solvent
layer respectively.

Results

Experimental habits and PXRD patterns of paracetamol from
different solvents

Experimental habits of paracetamol crystals obtained from
ethanol, acetone and THF solutions can be seen in
Fig. 4(a-c). PXRD confirmed the crystals to be of the
monoclinic form I paracetamol (Fig. 5(b)). However, the
habits are seen to be relatively different. Although they are
of the same polymorphic form and have the same major
facets, in agreement with the attachment energy habit
shown in Fig. 4(e), the proportion of facets occupied on the
equilibrium habit varies, highlighting the significance of
solvent effects on the crystal growth. For instance, even
though facets (1 1 1) and (2 0 0) appear on the attachment
energy habit, due to the fast-growing nature of the facets,
(1 1 1) does not appear on any experimental habits whilst
(2 0 0) only appears on crystals grown in acetone. Overall,
the experimental habits are in line with the ‘prismatic’
morphology reported in literature.”**?

Solubility curve of paracetamol in ethanol, acetone, THF

The solubility curves of paracetamol in ethanol, acetone
and THF can be found in Fig. 5(a) and show good

agreement with literature.’® Paracetamol shows highest
solubility in ethanol, followed by THF, and the lowest in
acetone. As the standard deviation (SD) of the solubility
data is less than 2% and cannot be seen clearly on the
plot, the corresponding SD values can be found in the
supplementary information (Table S1), along with the
equations of the respective solubility curves. Using the
measured solubility at 30 °C, the concentration resulting
in a supersaturation of 1.10 was calculated via eqn (2), for
each solvent system. Consequently the temperatures
corresponding to a supersaturation of 1.10 for ethanol,
acetone, and THF were found and can be seen in Table 1
below.

Regeneration screening results from 3 solvents

Regeneration was previously observed and reported in
ethanol.”” Here, cleaved paracetamol crystals were also
screened for regeneration in acetone and THF, and growth
developments from all three solvents were compared. The
results, including the visual developments and the quantified
growth trends, are respectively provided in Fig. 6 and 7.
Fig. 7(a(ii))-(c(ii)) show the change in lengths a and b over
time in ethanol, THF and acetone respectively, averaged over
3 runs, as obtained using the script. The growth rates were
also analysed by categorising the growth processes into 3
stages: early-stage regeneration covering the initial half of the

Table 1 Crystallisation conditions at S = 1.10 for the regeneration of paracetamol in ethanol, acetone, and THF. Note: SD reported is x10™*

Crystallisation temperature 7, Concentration ¢ Equilibrium concentration c* Ac
Solvent °C gml™ gml™ gml™”
Ethanol 25.6 £ 0.1 0.190 + 3.4 0.173 + 3.1 0.017 + 4.6
Acetone 25.9 £ 0.1 0.103 £ 1.5 0.093 + 1.4 0.011 £ 2.1
THF 25.8 £ 0.2 0.149 £ 5.3 0.135 + 4.8 0.014 £ 7.2
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Fig. 6 Micrographs depicting the regeneration phenomenon in each solvent; top to bottom; ethanol (image adapted with permission from ref.
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Fig. 7 Plots for (a) ethanol, (b) THF, and (c) acetone depicting the (i) change in characteristic lengths, a and b, of crystals over time, and (ii) crystal
growth rate and growth ratio, for the 3 stages of growth post cleavage: rapid regeneration, sluggish regeneration and overall growth.

regeneration period, late-stage regeneration encompassing
the latter half of the regeneration, and post-regeneration
where an equal time is allowed to monitor the development
of an unbroken crystal.

Firstly, the outcomes demonstrate that paracetamol's
regeneration capability is not limited to ethanol, but it also

This journal is © The Royal Society of Chemistry 2026

occurs in different solvents. Therefore, the results indicate
that materials that demonstrate crystal regeneration can do
it in different solutions and, accordingly, from different
shapes. Paracetamol regeneration took around 140 h in
ethanol, 50 h in THF, and 16 h in acetone for crystals of
same size.
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THF

~ 24 hours

D>

Acetone

~12 hours

Fig. 8 Regeneration snapshots of paracetamol in top to bottom: ethanol, THF, and acetone.

According to the 3 process stages, though the absolute
rates differed, the growth rate ratio, that is the ratio of
growth rates of the regenerating direction over the normal
direction, was around twice in the early-stage regeneration
compared to the postregeneration period. Thus, the
regenerating dimension grows rapidly during regeneration,
whereas the ratio of the growth rates approach to their post-
regeneration levels during the process (1.35 to 0.77 for
ethanol, 1.94 to 1.08 for THF, 1.91 to 1.06 for acetone). The
post-regeneration period illustrates the case of an unbroken
crystal, which is related with the equilibrium shape of the
crystal in the corresponding solvent.

Briefly, the evaporative crystallisation experiments
provided visual evidence for a crystal's regeneration capability
across different solvents, and yielded similar growth trends
across the solutions. The results also indicated slightly
different supersaturation levels in the current evaporative

crystallisation setup. Whilst the starting supersaturation was
1 for all systems, supersaturation at the end of the
experiment was measured to be 1.08 + 0.02 for ethanol, 1.24
+ 0.19 for THF, and 1.19 + 0.11 for acetone. Hence, it was
decided to compare different solvents also in an isothermal
crystallisation setup, benefiting from the temperature control
the latter allows to decouple the effects of solvent-solute
interactions and the level of supersaturation on regeneration.

Isothermal non-agitated crystallisation

Firstly, as seen from the snapshots in Fig. 8, paracetamol
crystals were observed to regenerate in all three solvents,
confirming the outcomes of the evaporative crystallisation
tests. The time taken for regeneration varied across the
systems with the fastest regeneration taking place in acetone,
followed by ethanol, and lastly THF. To further quantify the
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Fig. 9 Example plots of crystal growth in each solvent obtained via MATLAB. Each line represents 1 individual crystal: (a) facet propagation of
(010) for the entire duration of the experiment. Using this plot, the duration of the fast regeneration and the total regeneration period was
deduced. Change in characteristic dimensions (b) b during regeneration and (c) a and b after regeneration. The gradients of these plots were used

to estimate the growth rates.
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growth  behaviour in the different crystallisation
environments, the facet propagation of (0 1 0) was measured
alongside the characteristic length b. Even though the
dihedral angle between the (0 1 0) and (1 1 0) plane stays
constant regardless of the crystal habit, the varying
morphological significance of facets in different solvents
leads to inconsistencies in which facets are imaged.
Therefore, keeping the focus on (0 1 0), (1 1 0) is only visible
in ethanol but not in acetone and THF. To keep the
comparison uniform, growth rate of (0 1 0) and length b, i.e.,
non-regenerating crystal dimension, for the different habits
were calculated.

Fig. 9(a) show a representative plot of the data obtained
using the script for the propagation of facet (0 1 0) for the
entire duration of an isothermal crystallisation experiment.
Using these plots and more importantly with visual
verification from images, the end point of regeneration for
every crystal was deduced. The point where the line shows a
change in gradient as well as the images indicate full shape
restoration was designated as the end point of regeneration
(as seen from the long-dashed lines). Once the end point of
regeneration is determined, the growth rate in mm h™,
before and after regeneration, for the dimension of interest
was calculated by fitting a linear trendline to the growth data.
It is important to note that after regeneration is completed,
(0 1 0) is no longer present on the crystal, deeming facet
propagation of (0 1 0) unreliable. Therefore, post
regeneration in isothermal crystallisation, length a and b are
measured to demonstrate the change in characteristic
dimensions of the crystal post regeneration.

The estimated regeneration rates varied between the
solvents in the following order: ethanol > THF > acetone.
Fig. 10(a) highlights that regeneration in ethanol was almost
3 times and 4 times faster than in THF and acetone,
respectively. Moreover, just as observed in the case of
evaporative crystallisation above, the facets on the unbroken
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side of the crystals, regardless of the habit, were relatively
dormant during regeneration, and maintained a trivial
growth rate in the range of 0.006-0.017 mm h™". Post
regeneration, once the pre-breakage shape is restored, length
a and length b grow at relatively equivalent growth rates as
shown in Fig. 10(b). Interestingly, after regeneration, the
trend between acetone and THF reverses, with crystal growth
in acetone becoming nearly three times faster than in THF,
although ethanol still leads with the fastest growth rate. It is
important to note that the elongated appearance of the error
bars in Fig. 10(b) is primarily due to the narrow range on the
y-axis. Despite the standard deviation, there remains a
relative difference in growth rates among the three solvents.
Notably, in the case of THF, the slight negative value of the
error bar of length b is an artifact resulting from the very
slow growth rate, which overlaps with the uncertainty
introduced by the edge detection algorithm.

Even though the rate of regeneration in acetone was the
lowest in comparison to the other solvents, it resulted in the
shortest regeneration period. This was due to the distance
required for the (0 1 0) facet to grow to complete the
regeneration (Fig. 4(d)). For instance, crystals grown in
acetone have a very small (011) facet and a large (1 1 0) facet,
opposite to that of ethanol-grown crystals. Hence, in acetone,
(0 1 0) had to grow over a shorter length before the growth
habit was achieved as opposed to in ethanol, where (0 1 0)
had to keep growing until the large (0 1 1) facets were
formed. Therefore, the time taken for regeneration was
normalised over the distance of facet propagation required
for regeneration to be completed. These normalised
regeneration times can be seen as the blue dotted line in
Fig. 10(a) and as expected depict the opposite trend to that of
the regeneration rates.

It was reported previously that regeneration occurs in two
steps; rapid regeneration followed by sluggish regeneration.*’
At the start of regeneration, the (0 1 0) facet grows extremely
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S
<
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(a) Growth rates of (010) and length b during regeneration along with the absolute and normalised time taken for regeneration in each

solvent. (b) Growth rates of length a and b after regeneration in all three solvents. Error bars in each case represent the standard deviation.
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Table 2 Fast and slow regeneration rates of paracetamol in different solvents at S = 1.10

Rapid regeneration period % of total

Rapid regeneration rate Sluggish regeneration rate

Solvent h regeneration period mm h™* mm h™

Ethanol 1.60 £ 0.1 ~9 0.16 £ 0.03 0.07 £ 0.02
THF 1.75 £ 0.2 ~7 0.12 £ 0.02 0.04 + 0.01
Acetone 2.00 £ 0.2 ~16 0.07 £ 0.02 0.02 £ 0.01

rapidly (rapid regeneration). As regeneration progresses and
new facets begin to form on the crystal, competition for
solute molecules increases, resulting in a reduced overall
regeneration rate (sluggish regeneration). However, even
during the slow regeneration phase, the growth of (0 1 0)
dominates over the growth of other facets. In this study,
growth rates of (0 1 0) were further analysed to validate the
two-step regeneration behaviour under various solvents and
controlled conditions. As seen from Fig. 9, for each solvent
there was indeed an initial part on the (0 1 0) growth curve
that has a steeper slope compared to the rest of the
regeneration phase. The duration and growth rates of which
have been tabulated in Table 2. It is interesting to note that
regardless of the total regeneration period, the fast
regeneration phase only lasted for around 2 hours for each
solvent, corresponding to around 8.5%, 7%, and 16% of the
total regeneration period in ethanol, THF, and acetone
respectively. However, the growth rates in this initial phase
varied depending on the solvent, and followed the same
trend as the overall regeneration rate: the fastest in ethanol
(0.16 mm h™), followed by THF (0.12 mm h™), and lastly
acetone (0.07 mm h™"). These rates were at least twice as fast
as the slower regeneration rates.

Discussion

The order of relative polarity across the solvents is as follows:
ethanol > acetone > THF. It was therefore hypothesised that,
since the (0 1 0) facet is an apolar facet,*® the least polar
solvent (THF) would have the highest affinity to the surface
and hence result in a larger barrier to regeneration as more
energy would be required to remove the solvent layer.
However, this did not correlate with the case at hand. Based
on the regeneration rates in the above sections, regeneration
was the fastest in ethanol, followed by THF and then acetone.
To elucidate this discrepancy, the interaction energy between
the solvent and (0 1 0) crystal surface was calculated using
molecular dynamic simulations and can be found in Table 3.

The interaction energy of THF was almost 7% lower than
of acetone which was similarly lower than of ethanol. This
suggested stronger bonding between (0 1 0) and THF
followed by acetone and then weakest with ethanol.
Molecules at the surface behave differently to those in the
bulk because they are not fully surrounded by neighbouring
atoms. Thus, the topmost layer of the crystal was unfixed
during the simulations whilst keeping the lower layers fixed.
This also leads to surface relaxation where the top layer of
atoms slightly adjusts its positions to minimize surface

366 | CrystEngComm, 2026, 28, 357-370

energy, therefore more accurately capturing the real physical
behaviour of the crystal. Snapshots of the bilayer after the
MD simulation were taken to analyse the bonding between
the solvent molecules and the paracetamol molecules on the
surface (Fig. 11). Although (0 1 0) has no hydrogen bonding
potential in the b direction, the unfixed solute layer has some
degree of movement, thus, acetone and THF both formed
hydrogen = bonds  with  the surface molecules
(Fig. 11(b) and (c)) but ethanol did not (Fig. 11(a)).

Although acetone and THF have higher dipole moments
compared to ethanol, they are polar aprotic solvents, whereas
ethanol is a polar protic solvent capable of independently
forming hydrogen bonds. Since THF and acetone can only
accept hydrogen bonds, it is postulated that the C-O-C group
in THF and the C=O group in acetone preferentially bond
with the hydroxyl (OH) groups of paracetamol molecules,
reducing the probability of hydrogen bonding during
crystallisation between free paracetamol molecules in
solution and the (010) surface in the @ and c¢ direction.
Conversely, in ethanol, it is energetically more favourable for
the ethanol molecules to engage in hydrogen bonding with
each other, interacting with paracetamol primarily through
van der Waals and coulombic interactions. This can also be
seen via the radial distribution function (RDF) for each
system, as shown in Fig. 12. The lack of prominent peaks in
the RDF curves, particularly in the case of ethanol, reflects
the absence of strong, directional interactions—such as
hydrogen bonding—between the ethanol molecules and the
(010) crystal surface. In this case, coulombic interactions (r >
5 A) dominate, which leads to more diffuse RDF features
rather than distinct peaks. For THF and acetone, small peaks
were observed, corresponding to potential hydrogen bonding
(r < 3 A) at r = 2.95 and 2.35 respectively, and van der Waals
interactions (3 < r < 5 A), albeit weaker in intensity
compared to what might be seen with systems designed for
strong surface binding.

The role of solvents in crystal growth is highly complex
and influenced by multiple interdependent factors, not just
the hydrogen bonding affinity to the surface, though this is

Table 3 Interaction energy between solvent and (0 1 0) crystal surface
along with the solvent dielectric constant and molecular weight

Interaction energy Dipole Molecular weight
Solvent keal mol ™ moment g mol™
Ethanol -220.9 1.69 46.1
Acetone -237.5 2.88 58.1
THF -255.0 1.75 72.1

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Snapshots of the bilayer at the end of the MD simulations depicting the bonding between the top layer of (010) surface with (a) ethanol,

(b) acetone, (c) THF.
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Fig. 12 RDF analysis of the bonding between the (010) surface and (a) ethanol, (b) acetone, and (c) THF.

often emphasised in the literature. Factors such as solubility,
the rate of supersaturation generation, solvent pH, and
evaporation number all contribute to the growth rate.”® As
shown in Table 1, the initial temperature across all solvent
systems was consistent at 30 °C, as was the crystallisation
temperature, T.. With a constant supersaturation ratio of
1.10, the ratio of ¢ to ¢* remained the same in each case.
Additionally, the gradient of the solubility curves between 25
°C and 30 °C was similar for all three solvents, resulting in
only a marginal difference in Ac. Consequently, the amount
of excess solute at 1.10 supersaturation available for growth
in a 60 ml volume was also approximately 1 gram, regardless
of the solvent.

The primary difference, however, stems from the solubility
of paracetamol in these solvents. Keeping all other
crystallisation variables constant, the inherent differences in
solubility mean that the available solute for growth varies.
For instance, the concentration of paracetamol in acetone
was nearly 50% lower than in ethanol and 30% lower than in

This journal is © The Royal Society of Chemistry 2026

THF. Thus, while sufficient solute was present for crystal
growth in each case, the ratio between solvent and solute
molecules in solution differed, leading to a higher likelihood
of favourable interactions in solvents with higher solubility.>
This is particularly relevant during the regeneration phase
when the (0 1 0) crystal face interacts with the solvent. After
regeneration is complete and the (0 1 0) face disappears, the
trend reverses, with growth rates in acetone surpassing those
in THF, highlighting once again, the dominance of solute-
solvent interactions with the morphologically important
facets.

Conclusion

This study demonstrated the effect of solvents on crystal
regeneration. Two key insights emerged: first, the pre-
breakage crystal shape significantly influences regeneration
time, highlighting the role of solute-solvent interactions in
defining initial crystal habits. However, upon cleavage, the (0

CrystEngComm, 2026, 28, 357-370 | 367
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1 0) facet dominates growth, with its rate governed primarily
by the solubility of paracetamol in each solvent rather than
specific solvent interactions. Higher solubility facilitates
faster regeneration due to enhanced solute-crystal surface
interactions. Interestingly, after the (0 1 0) facet disappears,
solvent interactions regain control, once again dictating
overall growth behaviour as seen in unbroken crystals.
Overall, not only do the findings provide mechanistic
insights into the role of solvents in crystal regeneration, but
also the methodologies developed in this study offer a
powerful framework for studying crystal growth dynamics in
real time, enabling improved data acquisition for crystal
growth post breakage.
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