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Glycine polymorphism presents a conundrum: while the metastable o form of glycine typically crystallises
in bulk cooling crystallisation from aqueous solution, both the highly unstable B and stable y forms can be
selectively crystallised in small scale cooling or evaporative experiments, without any additives, cosolvents
or external fields. Small scale experiments in microwells or droplets differ from bulk crystallisation in some
key aspects: absence of agitation, presence of large (and often very particular) surface areas per
crystallisation volume, and ability to reach very high supersaturations. In this work we investigated effects of
agitation on polymorphic outcomes in glycine crystallisation from aqueous solutions across a wide range
of supersaturations at mL scale under quiescent conditions with and without a PTFE-coated magnetic stir-
rer (without any stirring) as well as under stirred conditions (with agitation supplied by the stirrer). In the ab-
sence of stirring, y was predominant at higher glycine concentrations, which indicates that y is more likely
to nucleate than a in highly supersaturated aqueous solutions under quiescent conditions. Intriguingly, we
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found that under stirred conditions o was predominant at all concentrations and temperatures investigated.
The effect of stirring on the preference for a glycine polymorphism cannot be fully explained by secondary
DOI: 10.1039/c8ce01829d nucleation alone. Instead, primary nucleation of glycine (at least of metastable forms) is strongly enhanced
by stirring, in agreement with previous observations of shear effect on primary nucleation of glycine, and it

rsc.li/crystengcomm is likely that similar effects play a role in other polymorphic systems of pharmaceutical interest.

determining polymorphic outcome in crystallisation of phar-
maceuticals and other molecular systems, such as carbamaz-
epine, stearic acid, 1-glutamic acid, m-hydroxybenzoic acid” or

1. Introduction

Formation of different polymorphs in pharmaceutical
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crystallisation is of great interest since the solid form affects
the downstream processability of drug substance and perfor-
mance of the final drug product, such as bioavailability, disso-
lution and stability."™ Many approaches have been proposed
to control polymorphism, including solvents, concentration,
temperature, control of supersaturation profiles, additives and
interfaces.">*° Initial crystallisation screening and process de-
velopment is often performed at small scale where mixing and
agitation is ill-defined or even absent and therefore these ef-
fects are often underestimated or overlooked. However, there
are numerous examples where agitation plays profound role in
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glycine.* " In industrial applications it is vital to understand
the impact of process conditions such as agitation on poly-
morphism in order to scale up crystallisation processes prop-
erly accounting for differences in agitation between lab-
based, pilot scale and plant scale processes.

Glycine is used to treat a variety of health issues, including
anxiety, schizophrenia and insomnia."* In aqueous solution it
is present as a zwitterionic species (‘NH;CH,COOH ) and
forms mesoscale clusters™® and crystallises in several different
polymorphic forms."*'® There are three glycine polymorphs
that could form under ambient conditions: o, 3 and y. The y
form is the most stable polymorph at ambient conditions,
followed by the metastable forms o and then B."”~*° There have
been numerous papers reporting glycine solubility, and while
there is some uncertainty in the previous literature regarding o
solubility,*® there is a major disagreement among reported sol-
ubility data for y'*"?> (see Fig. 1). The least stable polymorph
B, has been observed to be rapidly replaced (within a few mi-
nutes) by a in agitated aqueous solutions.'"** o, is a metastable
polymorph and under agitation in aqueous solutions it is very
slowly replaced by the stable y polymorph (reported to start af-
ter 35 hours®*). Mechanisms of these replacements are not fully

This journal is © The Royal Society of Chemistry 2019
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understood: they may include primary nucleation (more stable
polymorph nucleates in supersaturated solution suspending
less stable polymorph), secondary nucleation (crystals of one
polymorph inducing nucleation of another polymorph), com-
petitive nucleation and growth (e.g., two polymorphs nucleate
but the less stable one grows faster that the more stable one),
or solid-solid transformation. For glycine, relative nucleation
rates of different polymorphs are not known, but it has been
reported that y can induce secondary nucleation of either o or
1.2® Relative growth rates of B vs. other polymorphs are not
known, but it has been shown that a grows faster than y in
aqueous solutions.”® It was also shown that § can undergo
solid-solid transformation to o or y forms.?”

Many strategies have been previously applied to achieve
selective crystallisation of glycine polymorphs using pH
change, additives or cosolvents, which can accelerate or
inhibit either nucleation or growth in order to steer the
crystallisation outcome towards a desirable form.>***>° Even
though it has been reported that o is invariably obtained in
conventional cooling crystallisation from pure water under
agitated conditions,'”” all three polymorphs can be
crystallised from purely aqueous solutions under suitable
conditions.""**® For example, y was obtained via slow evap-
oration from microdroplets®® and it was shown that y was
more likely to crystallise than o at higher supersaturations. A
study of glycine crystallisation under quiescent conditions at
a lower concentration resulted in o in the bulk,** although a
mixture of o and y crystals was observed upon evaporation of
thin films on beaker walls. Surovtsev et al. performed a de-
tailed study of the formation of glycine crystalline and amor-
phous solid phases using either controlled or quench cooling
of glycine aqueous solutions to subzero temperatures.**
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Fig. 1 Reported solubility data for o and y polymorphs of glycine
from Devi et al,'' Yang et al?* and Park et al.?> Glycine solution
compositions used in this work are shown as open circles at 363 K
(90 °C) where undersaturated solutions were prepared.
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Recent works revealed that agitation, such as shear flow or
stirring, can affect the primary nucleation and steer selective
polymorph crystallisation. Studies using Couette cells and capil-
lary flow devices reported a strong effect of shear on the rate of
primary nucleation of o glycine.>* In a study by Devi et al., gly-
cine crystallisation was performed under agitation at 0 °C and o
crystallised at higher concentrations, while pure f§ and mixtures
of B and o were obtained at lower concentrations and lower stir-
ring rates.'" Igarashi et al found that in agitated cooling
crystallisation of glycine, y was obtained by using a wall wetter
(slurry sprinkler) setup, while o was obtained otherwise.*”> The
effect of stirring as a controlling factor has been studied in com-
petitive crystallisation of polymorphic forms in different sys-
tems. Cashell et al.® studied the crystallisation in supersaturated
solutions of r-glutamic acid and found that metastable o is
obtained using either continuous or pulsed agitation during
slow cooling, whereas the stable § polymorph was preferentially
obtained for both fast cooling with agitation and for slow
cooling without stirring. Tahri*® reported that supersaturated
solutions of r-glutamic acid under stirring conditions show the
preferential formation of the metastable o. form while the stable
B form was obtained under stagnant conditions. The effect of
stirring on m-hydroxybenzoic acid solutions found that the pro-
portion of the stable form decreases under intermediate agita-
tion rates, accompanied by a large reduction in nucleation time
of the metastable form.” The effect of stirring conditions on
cooling crystallisation of carbamazepine from anhydrous etha-
nol was investigated by Sypek et al.® In this study, crystals of
form II were formed and then slowly transformed to crystals of
form III under quiescent conditions. In the case of sufficiently
vigorous stirring, the induction times observed were clearly de-
fined by the onset of turbidity which was due to formation of a
large number of small form III crystals.

It is clear that stirring can promote or hinder the formation
of the stable polymorph. In the present work, we investigate
the effects of stirring on the polymorphic crystallisation of gly-
cine from aqueous solutions. To elucidate these effects, isother-
mal polymorph formation for either quiescent or stirring con-
ditions was observed over a range of glycine concentrations
and two different crystallisation temperatures. Understanding
effects of agitation on polymorph control will aid rational de-
sign and scale up of industrial crystallisation processes.

2. Experimental methods
2.1. Preparation of glycine stock solutions

Glycine solutions with a range of concentrations of 400-525 g
glycine per kg water (referred to hereafter as g per kg water)
were prepared at a high temperature (90 °C) where they
were all undersaturated and then cooled to a desired
crystallisation temperature (either 0 °C or 25 °C). Solid com-
mercial glycine powder (=99% electrophoresis from Sigma)
and deionized water (Milli-Q, 18.2 MQ cm) were used. Re-
quired amounts of glycine and water were weighted at room
temperature, transferred into a 100 mL glass bottle and
sealed. The solution was heated and stirred at 600 rpm for 1

CrystEngComm, 2019, 21, 2234-2243 | 2235
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hour at 90 °C + 1 °C using a hotplate magnetic stirrer (IKA
RCT Basic) supplied with an external temperature probe. Ali-
quots of 0.65 mL of stock solution were then transferred into
preheated vials (VWR; screw vial, ID = 1156587 411.6 mm X
32 mm height, neck diameter 8 mm, total volume 1.5 mL) at
90 °C and sealed with parafilm and lids. Sealed vials were
kept under thermostatted conditions for 15 min at 90 °C
using a Polar Bear Plus Crystal. The Polar Bear is a precision
heating and cooling platform produced by Cambridge Reac-
tor Design that uses interchangeable plate attachments to al-
low for accurate (+0.1 °C) temperature control for a range of
vessels from vials to round bottom flasks. Supersaturated so-
lutions were then obtained by cooling the vials from 90 °C to
either 0 °C or 25 °C, using a controlled cooling rate in Polar
Bear. Once solutions reached the final temperature, they were
kept under either quiescent or stirred conditions (see below).
The temperature of preparation of the glycine solutions was
chosen by taking into account the reported solubility for o
and y glycine'*"?* in order to make sure that all solutions
were undersaturated with respect to the most stable poly-
morph at the solution preparation temperature. We note that
there are very large discrepancies in previously reported data
on y solubility as can be seen in Fig. 1, which summarises
the solubility for o and y forms of glycine. It also shows the
concentration and temperature ranges used in this study
based on a conservative estimate of likely temperature depen-
dence of y glycine solubility.
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2.2. Crystallisation under quiescent conditions

Crystallisation experiments under quiescent conditions
(without stirring) were performed using controlled cooling
of glycine solutions at all concentrations investigated. The
following protocol describes the crystallisation of the solu-
tions when controlled cooling to two different temperatures
was used. Controlled cooling (Fig. 2, setup 1a and b) of 28
vials was performed for each concentration over three differ-
ent periods. During period I, solutions were cooled from 90
°C to either 0 °C or 25 °C using Polar Bear with a cooling
rate of -1.5 °C min™". During period II, the samples were
kept isothermal in Polar Bear at either 0 °C or 25 °C for 3
hours to monitor crystal formation. For period III (after the
3 hours), the vials at 25 °C were transferred to an incubator
(Stuart Scientific Incubator S160D) at 25 + 0.5 °C. The vials
at 0 °C were heated to 25 °C at a rate of 1.5 °C min™" and
then transferred to the incubator at 25 °C. In both cases,
the vials were kept in the incubator for two weeks to moni-
tor the crystallisation.

Crystallisation was monitored visually throughout all ex-
periments. During periods I and II for all setups, the crystals
were isolated at the end of the period to avoid disturbing the
other vials and potentially inducing nucleation. During the
longer period III of setup 1 (2 weeks) the vials were checked
for crystallisation daily (except at weekends) and crystals were
isolated once they were observed.
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Fig. 2 Diagrams illustrate the different temperature profiles used in this study. Setup 1 is quiescent conditions and setup 2 is stirring conditions,

each using controlled cooling to (a) 0 °C, and (b) 25 °C.
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2.3. Crystallisation under stirring conditions

A protocol including controlled cooling and stirring of the solu-
tions at the crystallisation temperature is shown in
Fig. 2 setup 2a and b. First, for each concentration, 15 vials
with a stirring bar inside (VWR micro magnetic bars, PTFE cov-
ered, round, smooth surface, length 7 mm and diameter 2
mm), were cooled from 90 °C at a rate of —1.5 °C min™" to ei-
ther 0 °C or 25 °C using Polar Bear (period I). When the final
temperature (0 °C or 25 °C) was reached, all the vials were
swiftly transferred to a stirring plate (2mag, Magnetic stirrer
MIXdrive with control unit MIXcontrol, 15 stirring points)
placed either immersed in an ice bath at 0 + 1 °C or inside an
incubator at 25 + 0.5 °C. Two different stirring speeds, 1600
rpm and 100 rpm, and a control at 0 rpm, were used (period
II). After transfer, crystallisation was monitored for 3 hours (pe-
riod II). After 3 hours, the vials at 25 °C were kept at the same
temperature and the vials at 0 °C were swiftly transferred to an
incubator at 25 + 0.5 °C and left for 24 hours (period III).
Crystallisation was monitored visually throughout all experi-
ments as described above. In setup 2, period III was 24 hours
long and crystals were isolated at the end of the period.

2.4. Characterization of glycine crystals

Immediately after finishing each crystallisation stage (end of
periods I and II in setup 1 and I, II and III in setup 2), all crys-
tals were removed from the vials and placed onto filter paper to
remove excess liquid. For period III in setup 1 crystals were re-
moved as they were detected (checked daily, except weekends).
The crystals were dried for one day at room temperature and
then ground to a fine powder before analysis. Regarding possi-
ble transformations during drying, our crystals are dried under
stagnant conditions and it is unlikely that a polymorphic trans-
formation from alpha to gamma would occur. In the study by
Yang et al,** the glycine crystals were in an agitated slurry,
which only started to transform after 35 hours. Since our crys-
tals were left to dry for a day under stagnant conditions, it is
unlikely that any transformation would occur.

The analysis of powder samples was carried out using
both Fourier transform infrared spectroscopy (FTIR) and
X-ray powder diffraction (XRPD). FTIR spectra were obtained
with an ABB MB3000 spectrometer. Absorbance spectra were
obtained and averaged over 32 scans at a resolution of
8 cm™ in the range of 500 to 4000 cm™ with a detector gain
of 80.68. XRPD patterns were obtained by placing 10-50 mg
of sample on a 28-well plate supported on a polyimide
(Kapton 7.5 pm thickness) film. Data were collected on a
Bruker AXS D8-Advance II transmission diffractometer
equipped with 6/6 geometry, primary monochromated radia-
tion (Cu Kol, 2 = 1.54056 A), a Vantec 1D position sensitive
detector (PSD) and an automated multi-position x-y sample
stage. Data were collected in the range 4-35° 26 with a 0.015°
26 step size and 1 s step-1 count time. All FTIR spectra and
XRPD patterns were obtained at ambient temperature. The
commercial glycine powder was also analysed and it was
found to be composed of the o form (Fig. 4a and b), although
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a trace amount of y form was also detected by XRPD. With
this in mind, and taking into account glycine solubilities
(Fig. 1), we ensured the complete dissolution of glycine at 90
°C at all solution concentrations investigated to avoid poten-
tial seeding with y glycine. Crystals were viewed using a
Brunel BMDZ series optical microscope. Images were cap-
tured from the optical microscope using a Canon EOS 1200D
digital SLR camera equipped with a EF-S 18-55 mm IS II lens.

3. Results and discussion
3.1. Polymorphic identification

The different glycine solid forms and corresponding mor-
phologies obtained in this study are shown in Fig. 3. Needle-
like y crystals were most often crystallised under quiescent
conditions over the range of conditions investigated. Fig. 3a
shows a typical outcome of numerous y crystals obtained
from a 500 g per kg water solution at 0 °C (during period II
in setup 1a). The needle-like y glycine crystals observed here
are similar to those previously reported®**® although other
morphologies, such as trigonal pyramidal were also
reported.*® When o crystals formed under quiescent condi-
tions they had a large prismatic morphology. Fig. 3b shows a
single o crystal obtained from a 475 g per kg water solution
at 25 °C (during period III in setup 1a). In some quiescent
samples a mixture of both prismatic o crystals and needle-
like y crystals was obtained. Fig. 3c shows a single o crystal
together with a mass of numerous vy crystals obtained from a
500 g per kg water solution at 25 °C (during period II in setup
1b). However, under stirring conditions, numerous a crystals
formed rapidly when stirring started after the crystallisation
temperature was reached. Fig. 3d shows a mass of precipi-
tated o crystals obtained from a 525 g per kg water solution
at 0 °C that turned milky white after few seconds of stirring
at 1600 rpm (during period II in setup 2a).

In order to unambiguously identify the polymorphic form
present in the solids obtained under each crystallisation con-
dition, FTIR and XRPD were used. Fig. 4 shows typical FTIR
spectra (a) and XRPD patterns (b) obtained for each morphol-
ogy shown in Fig. 3. The characteristic IR peaks at around
910 cm™ for a, at around 930 cm ™ for y and a common peak
at 887 cm™* for both forms (Fig. 4a) were selected for solid
form identification.** The commercial glycine powder used to
prepare the solutions shows peaks corresponding to a. Char-
acteristic XRPD peaks at 26 of 19.5° and 29.7° correspond to
o crystals, while those of 21° and 25.3° correspond to y crys-
tals (¢f. International Center for Diffraction Data (ICDD) files
00-032-1702 and 02-088-4306 for o and v, respectively). The
XRPD pattern obtained for samples containing mixtures of
needle-like prismatic crystals shows the presence of charac-
teristic peaks of both polymorphs o and y (Fig. 4b). The
XRPD pattern obtained for the commercial glycine powder
showed characteristic peaks of o and very small y peaks, indi-
cating a minor y impurity. The p form can be identified by an
XRPD peak at 26 of 18°,'" but this peak is not observed in
any of our samples.

CrysttngComm, 2019, 21, 2234-2243 | 2237
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2mm

Fig. 3 Optical microscopy images of different crystal morphologies produced under different crystallisation conditions. a) Needle-like y crystals
from quiescent conditions, period I, setup 1a, 500 g per kg water, 0 °C; b) single o crystal from quiescent conditions, period Ill, setup 1a, 475 g
per kg water, 25 °C; c) single a crystal and numerous y crystals from quiescent conditions, period Il, setup 1b, 500 g per kg water, 25 °C; d) precip-
itated a crystals from stirring conditions, period Il, setup 2a, 525 g per kg water, 0 °C, 1600 rpm.

3.2. Glycine crystallisation under quiescent conditions

The effect of the crystallisation temperature and concentra-
tion on glycine polymorphic crystallisation was first studied
under quiescent conditions.

Crystallisation was monitored across the three different
periods I, II and III (see setup 1 in Fig. 2). No crystallisation
was observed during the cooling (period I) before the final
crystallisation temperature (either 25 °C or 0 °C) was reached.
During the following isothermal period II, up to about 50%
of vials crystallised at 0 °C, while up to 30% of vials
crystallised at 25 °C at the highest concentrations of 525 g
per kg water. There was some further crystallisation observed
during period III, but even after 2 weeks at 25 °C many vials
still had no crystals. For both crystallisation temperatures,
the fraction of vials crystallised decreased drastically at lower
concentrations, as shown in Fig. 5a and b. This is expected
as the supersaturation is higher at higher concentrations and
lower temperatures.

For both crystallisation temperatures and all concentra-
tions, the y form was predominantly obtained, with some
vials forming o + y mixtures and a small number of vials
containing the pure o form. Results of our glycine
crystallisation experiments under quiescent conditions show
that formation of y glycine is favoured at the range of con-
centrations and temperatures investigated. It was previously
observed that o glycine formation was preferred at lower
concentrations,””*® where glycine solutions with concentra-

2238 | CrysttngComm, 2019, 21, 2234-2243

tions up to 400 g per kg water were prepared at 60 °C. We
note that in this work glycine solutions were prepared at 90
°C in order to access higher supersaturations, and that ther-
mal history of solutions could play a role in both nucleation
kinetics and polymorphic outcomes.*>*® Our results, show-
ing a preference for y over o at higher supersaturations, are
in agreement with observations from evaporating droplets.*"
This shows that both o and y nucleate under quiescent con-
ditions at concentrations and temperatures investigated.
The transformation of a to y is expected to be very slow in
the absence of agitation compared to the maximum time
our crystals spent in solution, and o grows faster than
7,2%3¢ thus depleting supersaturation and suppressing fur-
ther nucleation and growth of y. Therefore, it can be con-
cluded that y nucleation is likely to be faster than that of o.
While we have never observed any f, it cannot be ruled out
that some P nucleates and rapidly transforms to either o or
y. It is also unlikely that a polymorphic transformation from
o to y occurred during the drying period as the residual so-
lution evaporated in less than one day.

3.3. Glycine crystallisation under stirring conditions

The effect of stirring on glycine crystallisation was studied
using controlled cooling over the range of concentrations.
Fig. 5c-h show the percentage of vials crystallised for solu-
tions cooled to 0 °C or 25 °C and stirred at either 0 rpm (con-
trol with stirring bar present), 100 rpm or 1600 rpm. In order

This journal is © The Royal Society of Chemistry 2019
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XRPD both show that precipitate, prismatic crystals and commercial
glycine are mainly o, whereas needles are y, and needles/prismatic
crystals are a mixture of a. and y.

to control for a possible effect of the stirring bar on the
crystallisation process, experiments were performed with the
stirring bar present but not stirring (0 rpm). We found that
for both 0 °C and 25 °C the presence of a stirring bar
(Fig. 5¢ and d) results in a significant increase in the number
of samples crystallised compared to samples without a stir-
ring bar (Fig. 5a and b). In Table 1 we see that in experiments
with a stirring bar 94% and 50% crystallised for 0 °C and 25
°C respectively, whereas without a stirring bar only 23% and
11% crystallised for 0 °C and 25 °C, respectively. However,
the presence of the stirring bar does not significantly change

This journal is © The Royal Society of Chemistry 2019
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the polymorphic outcomes compared to the experiments
without the stirring bar, as in both cases y predominantly
forms. It is likely that presence of PTFE coated stirrer bar in-
duced heterogeneous nucleation at solution-PTFE interface
as it was observed that crystals tended to grow on the stirrer
bar in the absence of agitation.

We note that movement of vials with stirrer bar can in-
duce nucleation and care was taken to minimise the move-
ment of vials. Nevertheless, this effect was observed in a few
cases at high concentrations when transferring the vials from
Polar Bear at the end of period I to the stirring plate at the
start of period II. This occurred only when a stirring bar was
present, and the crystal formation happened almost instanta-
neously. In Fig. 5, these movement-induced cases were
counted within the cooling period I. We have singled out the
movement induced cases and shown them in the table in
ESL} On its own, fluid shear induced by stirrer movements
during vial transfers would be expected to enhance nucle-
ation of o, based on previous fluid shear experiments.** How-
ever, as can be seen in the table shown in ESL} either y or
mixtures of o and y were observed when rapid crystallisation
occurred due to vial movements, indicating that y was pres-
ent in all cases, consistent with heterogeneous nucleation.

In order to investigate the effect of stirring, stirring was
switched on at the start of period II after cooling was com-
pleted and the desired ecrystallisation temperature was
reached. 100% of vials crystallised within period II, whereas
for unstirred conditions (with stirring bar present) some vials
were still without crystals even after period III (24 hours).
Interestingly, there was a stark difference in polymorphic out-
comes between solutions stirred at 100 or 1600 rpm (Fig. 5e-
h) and the unstirred solutions with the stirrer present at
0 rpm (Fig. 5c and d). For vials where no crystals were visible
at the end of the cooling (period I), once stirring was turned
on, a crystallised overwhelmingly, rather than y predomi-
nantly found in the unstirred solutions. At 100 rpm, almost
all vials crystallised as pure o when stirred at 0 °C, whereas
at 25 °C approximately half of the vials crystallised as o + y
mixtures at higher concentrations (Fig. 5e and f). At 1600
rpm, pure o was found at both 0 °C and 25 °C
(Fig. 5g and h), which shows that more vigorous agitation
promotes crystallisation of a.

Table 1 summarises the combined results over all concen-
trations for the eight different experimental conditions
shown in Fig. 5. For unstirred experiments with the stirring
bar present (0 rpm), of the samples that crystallised during
the isothermal period II, pure y was found in 98% of 61 sam-
ples (0 °C) and 73% of 37 samples (25 °C). Remarkably, all
four stirring experiments showed that the o form was clearly
preferred over the y form. When stirring was used (isother-
mal period II), of the samples that crystallised, pure o was
found in 98% of 60 samples (0 °C, 100 rpm), 72% of 76 sam-
ples (25 °C, 100 rpm), 99% of 76 samples (0 °C, 1600 rpm),
and 99% of 84 samples (25 °C, 1600 rpm). For experiments at
25 °C and 100 rpm where only 72% were o, the remaining
samples were a mixture of o and y. Furthermore, we note that
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Fig. 5 Crystallisation of glycine solutions under quiescent conditions (setup 1) cooled to 0 °C (a) and 25 °C (b). For each concentration in setup 1,
the percentage was calculated over 28 vials. Crystallisation of glycine solutions under stirring conditions (setup 2) cooled to 0 °C (c, e and g) or 25
°C (d, f and h). The stirring rates were 0 rpm (with stirring bar present) (c and d), 100 rpm (e and f) and 1600 rpm (g and h). For each concentration

in setup 2, the percentage was calculated over 15 vials.

during the cooling period I, when no stirring was used, y
crystallised predominantly.

Our observations are consistent with those of Devi et al
who previously investigated the effect of stirring rate and
concentration on the crystallisation of glycine upon rapid
cooling.™ Our experimental conditions in Fig. 5e correspond
to Devi et al's experiments at relative supersaturations be-
tween 1.10 to 1.30 in their nucleation matrix and with similar
stirring rates. Under these conditions, Devi et al. obtained
pure o glycine, which is in agreement with our results. We

2240 | CrysttngComm, 2019, 21, 2234-2243

note that Devi et al. performed one experiment at each point
of their nucleation matrix. In our set of experiments, of the
60 samples that nucleated, only one produced a mixture of a
and vy, and so it is unsurprising that Devi et al. did not obtain
any y in experiments they performed under corresponding
conditions.

Our results show that stirring promotes formation of the
metastable o polymorph which could be due to primary nu-
cleation of a metastable polymorph (i.e. either o or B, which
is quickly replaced by a), or due to secondary nucleation,

This journal is © The Royal Society of Chemistry 2019
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Table 1 Combined data on polymorph crystallisation over all concentrations investigated at the different experimental conditions. Setup 1 experiments
used 168 samples (28 for six concentrations), and setup 2 experiments each used 90 samples (15 for six concentrations)

a) Setup 1, 0 °C

Period a Y oty Crystallised % crystallised
1 0 0 0 0 0.0

I 0 17 5 22 13.1

I 2 13 1 16 9.5

Total 2 30 6 38 22.6

Final (%) 1.2 17.9 3.6 22.6

b) Setup 1, 25 °C

Period o Y oty Crystallised % crystallised
1 0 0 0 0 0.0

I 1 8 4 13 7.7

Juil 3 1 2 6 3.6

Total 4 9 6 19 11.3

Final (%) 2.4 5.4 3.6 11.3

¢) Setup 2, 0 °C, 0 rpm

Period a Y oty Crystallised % crystallised
1 2 15 2 19 21.1

II 0 60 1 61 67.8

I 0 5 0 5 5.6

Total 2 80 3 85 94.4

Final (%) 2.2 88.9 3.3 94.4

d) Setup 2, 25 °C, 0 rpm

Period o Y oty Crystallised % crystallised
1 0 0 1 1 1.1

II 7 27 3 37 41.1

I 2 4 1 7 7.8

Total 9 31 5 45 50.0

Final (%) 10.0 34.4 5.6 50.0

e) Setup 2, 0 °C, 100 rpm

Period o Y oty Crystallised % crystallised
1 3 19 8 30 33.3

II 59 0 1 60 66.7

I 0 0 0 0 0.0

Total 62 19 9 90 100.0

Final (%) 68.9 21.1 10.0 100.0

f) Setup 2, 25 °C, 100 rpm

Period o Y oty Crystallised % crystallised
1 4 5 5 14 15.6

II 55 0 21 76 84.4

I 0 0 0 0 0.0

Total 59 5 26 90 100.0

Final (%) 65.6 5.6 28.9 100.0

g) Setup 2, 0 °C, 1600 rpm

Period o Y oty Crystallised % crystallised
1 0 11 3 14 15.6

II 75 0 1 76 84.4

I 0 0 0 0 0.0

Total 75 11 4 90 100.0

Final (%) 83.3 12.2 4.4 100.0

h) Setup 2, 25 °C, 1600 rpm

Period o Y oty Crystallised % crystallised
1 0 2 4 6 6.7

II 83 1 0 84 93.3

This journal is © The Royal Society of Chemistry 2019 CrysttngComm, 2019, 21, 2234-2243 | 2241
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Table 1 (continued)
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h) Setup 2, 25 °C, 1600 rpm

Period a Y oty Crystallised % crystallised
111 0 0 0 0 0.0

Total 83 3 4 90 100.0

Final (%) 92.2 3.3 4.4 100.0

induced by presence of y crystals which nucleate in the ab-
sence of agitation, and especially so in the presence of the
PTFE coated stirrer bar. In the case of secondary nucleation,
we would expect to see a mixture of o and vy, as y (the stable
form) would always be present, and 28% of samples that
crystallised in period II of experiment shown in Fig. 5f were
o and y mixtures. Since y is known to grow more slowly than
o, it is also possible that in the competition between o and y
polymorphs growing concurrently the fraction of y in the
resulting solid glycine powder is too low to be detectable.

However, the secondary nucleation mechanism would not
fully explain our observations, since y did not crystallise in
many vials at lower concentrations at 25 °C and thus no crys-
tals would be present to induce nucleation in the large majority
of vials, all of which then crystallised upon stirring. Note that
crystal growth rates for both o and y are of the order of at least
1 micron per second at these concentrations so if any crystal
nucleates it would be several millimetres long within an hour.*?
Our results indicate that primary nucleation of metastable poly-
morphs of glycine is strongly enhanced by stirring, in agree-
ment with our previous observations from controlled shear ex-
periments.>* While molecular scale effects are not likely to be
affected by macroscopic stirring, colloidal scale precursor clus-
ters have been implicated as a possible explanation why stir-
ring favours primary nucleation of o glycine.*'

Results of our glycine crystallisation experiments under
stirring conditions clearly show that polymorphic outcomes
can be controlled by agitation. While enhancement of either
primary or secondary nucleation of specific polymorphs may
be responsible for effects of agitation on polymorphic
crystallisation, in the case of glycine investigated here there
appears to be the clear effects of stirring on primary nucle-
ation of a glycine.

There is a general point to be made here, which is relevant
not only to glycine but to many other systems where stirring
and interfacial effects may be determining nucleation kinet-
ics and polymorphic outcomes, that in order to relate experi-
mental observations to possible nucleation mechanisms it is
necessary to consider and control these effects in order to
separate them from those commonly investigated as drivers
for nucleation control, such as solvent, concentration and
temperature.

4. Conclusions

Polymorphic crystallisation of glycine from highly concen-
trated aqueous solutions under isothermal conditions was

2242 | CrysttngComm, 2019, 21, 2234-2243

found to be highly sensitive to stirring. Under quiescent con-
ditions, crystallisation resulted in preferential formation of y
glycine. This shows that y glycine can be crystallised from
purely aqueous solutions in glass vials, using highly concen-
trated glycine concentrations prepared at high temperature
and cooling them to low crystallisation temperature without
agitation. This is contrary to a commonly held view that y gly-
cine does not form upon cooling from pure aqueous solu-
tions without any additives, co-solvent or external fields,
which is due to the fact that typical cooling crystallisation ex-
periments are performed at lower concentrations than we
used here and in the presence of agitation.

The presence of a PTFE-coated magnetic stirring bar (with-
out stirring) significantly enhanced the crystallisation rate
but did not significantly change the polymorphic outcome.
The effect of stirring was twofold. First, the crystallisation
rate further increased so that all vials nucleated by the end of
the stirred isothermal period, and, second, stirring resulted
in preferential formation of o glycine. This is surprising and
while secondary nucleation might be a contributing factor,
we believe that it is primarily due to enhancement of primary
nucleation of a glycine by agitation.
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