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ABSTRACT: Glycine had three polymorphs, two metastable phases (α-glycine, β-
glycine) and one stable phase (γ-glycine). However, the phase transformation of
glycine from α-phase to γ-phase was well known as the kinetically unfavorable
process. In this study, a simple and effective grinding method for phase
transformation of glycine from α-phase to γ-phase is proposed. In an aqueous
solution, α-glycine and γ-glycine had bulk solubilities of 180 and ∼172 g/L,
respectively. According to the Ostwald−Freundlich equation, however, as the crystal
size of α-glycine was reduced to ∼0.6 μm by grinding, the saturated concentration of
α-glycine increased from 180 to 191 g/L. As long as the solution concentration
exceeds a critical point (σ = 0.1), it can be possible to suddenly induce the nucleation
of γ-glycine by grinding the α-glycine crystal in the solution. Subsequently, the
complete transformation of α-phase to γ-phase was achieved without additives.
Similarly, the grinding method was effective for producing the γ-glycine crystal in the
cooling crystallization whereas the α-glycine crystal was always produced in the
cooling crystallization without grinding. This study showed that physical grinding can effectively facilitate phase transformation by
triggering the nucleation of stable polymorph.

1. INTRODUCTION
Polymorphic control of active pharmaceutical ingredients
(APIs) is essential for the pharmaceutical industry because
polymorphs can affect the efficacy of drugs by changing
pharmacokinetic and bioavailability derived from different
physicochemical properties of polymorphs such as solubility,
hygroscopicity, melting point, stability against various environ-
mental factors (e.g., light, temperature, and humidity), and
compressibility.1−7 The most stable polymorph is typically
selected over metastable forms since a phase transformation for
metastable forms can alter a drug’s pharmacokinetics and
bioavailability.8−10 In practice, the authorization or approval of
a drug is occasionally revoked when the polymorphic form of
APIs is transformed, resulting in the change of the
pharmacokinetic and/or bioavailability characteristics during
the manufacturing process, storage, and distribution.8,9 For
instance, Abbott Laboratories developed ritonavir in 1992,
applied for a new drug application in 1995, released it on the
market in January 1996, and received FDA approval in March
1996. At that time, ritonavir was sold in gelatin capsules (semi-
solid capsules) or liquid form (oral liquid) with the trade name
Novir.7,11−13 However, several gelatin capsules did not meet
the dissolution specifications because some gelatin capsules
had been transformed into more stable polymorphs. As a
result, the gelatin capsules were temporarily withdrawn from
the market.11 Therefore, a stable form that can well retain the
physicochemical properties concerning pharmacokinetics and/
or bioavailability over the metastable form has been preferred
in the pharmaceutical industry.11,14,15

However, some API polymorphs (e.g., ritonavir, L-histidine,
glycine) are easy to synthesize in their metastable form
whereas the stable form is not easy to synthesize.3,8 Thus, an
additional process is required to transform the metastable form
into the stable form.8 Traditionally, glycine, the simplest amino
acid having three kinds of polymorphs (α-, β-, and γ-glycine),
is used as a model API in the pharmaceutical industry for
polymorphic study.16 Among polymorphs, α-glycine, a
metastable form, is known to be readily nucleated and grew
from a pure aqueous glycine solution, whereas γ-glycine, the
most stable form, is slowly nucleated and grows only when
adding additives such as acids, bases, and inorganic salts (i.e., L-
malic acid, lauric acid, L-leucine, sodium chloride, and sodium
nitrate).16−22,27 Here, manufacturing costs and impurities can
increase if additives were added during the glycine
crystallization.16−18 This study is an attempt to produce γ-
glycine without adding additives.
The crystal’s size affects its solubility in a solution.

According to the Ostwald−Freundlich equation, the solubility
of crystals is increased as the size of the crystal is decreased
because the chemical potential of the molecules in the crystals
is increased.23,24 Correspondingly, it can be inferred that the
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size reduction of α-glycine crystals can increase the solubility of
α-glycine. Meanwhile, it can also be said that the super-
saturation is increased as the solubility of α-glycine is increased
to the perspective of γ-glycine. Eventually, when the solubility
of α-glycine is continuously increased so that the super-
saturation to the perspective of γ-glycine reaches a point called
critical supersaturation, the nucleation of γ-glycine can occur.
Accordingly, in this study, the nucleation and growth of γ-
glycine were induced by reducing the size of α-glycine crystals
using physical grinding methods (i.e., glass bead grinding and
magnetic bar grinding). To the best of our knowledge, this is
the first report of physical grinding-assisted phase trans-
formation of glycine via a simple methodology at a constant
temperature. This study will then argue that by increasing
supersaturation to the critical supersaturation level, physical
grinding can be employed to phase transition polymorphs from
metastable to stable forms.

2. MATERIALS AND METHODS
2.1. Materials. γ-Glycine (glycine, 99.0%) was purchased

from Samchun Co., and the structure of glycine was
determined using X-ray diffraction (XRD, MiniFlex 600,
Rigaku). Anhydrous ethyl alcohol (denatured, 99.5%) was
bought from Daejung Co. The chemicals were used without
further purification. α-Glycine was prepared by recrystallization
of glycine as follows. At 50 °C for 1 h, 320 g of γ-glycine was
completely dissolved in 1000 mL of deionized water. Then, the
glycine solution was cooled down to 5 °C at a cooling rate of
45 °C/h and kept for 2 h for complete crystallization. The
produced crystals were filtered with filter paper (No. 53, 1−2
μm, Hyundai Micro Munktel, South Korea) and dried at 60 °C
in a forced convection oven (JEIO Tech, OF-12GW) for 6 h.
Finally, 230 g of α-glycine (yield = 71.8%) was obtained and
the crystal phase was confirmed with XRD. Here, the pure α-
phase of the glycine crystal was obtained.25,26

2.2. Calibration of ATR-FTIR. In this study, the glycine
concentration in solution was measured in real time using
ATR-FTIR (ReactIR 15, DiComp probe with AgX halide fiber,
Mettler-Toledo), as shown in Figure 1. First, ATR-FTIR was
calibrated with the standard solution of glycine (2.176−198 g/
L). Then, using the characteristic peak of glycine (1413 cm−1,

νs COO absorption), the standard calibration curve was
plotted using the partial least square (PLS) regression method,
as shown in Figure S1 (Supporting Information).
2.3. Determination of Solubility. Glycine crystals of each

phase were ground using a mortar and then sieved to classify
crystals in size (group 2−group 6). The crystals of group 2
were ground further using an air jet mill (2 open Manifold
Micronizer, GNG Korea) and then sieved to obtain smaller
crystals (group 1). Then, the crystal sizes of each group (group
1−group 6) were measured using a particle size analyzer
(Malvern, Mastersizer 3000 with HYDRO-R and HYDRO
EV), as shown in Table S1 (Supporting Information).
Furthermore, the typical SEM images of α-glycine and γ-
glycine in each group are shown in Figure S2 (Supporting
Information).
The solubility of α-glycine and γ-glycine in each group was

measured using in situ ATR-FTIR. An excess amount (54 g) of
glycine crystal was added to 270 mL of deionized water at 10
°C and stirred with an impeller. The glycine concentration
change in the solution was monitored by ATR-FTIR until the
solution was saturated. The undissolved crystals were filtered
and dried in a vacuum oven at room temperature for 2 h for
XRD analysis (XRD, MiniFlex 600, Rigaku). The solubility of
the crystal less than 5 μm was determined by the wet grinding
method. As such, an excess amount (54 g) of glycine crystals in
group 1 was added to 270 mL of deionized water at 10 °C in
300 mL of glass beaker with 200 g of glass beads (1.7−2.0
mm) and then ground by glass beads using impeller agitation,
as shown in Figure 1.
Then, the agitation of the glass beads was stopped to sample

the suspension at a specific time (550, 1250, and 2700 min).
The sample was taken in the supernatant suspension of the
crystallizer. The crystal size of the sample suspension was
determined using a Zetasizer analyzer (Malvern Zetasizer
Nano-ZS ZEN 3600). Simultaneously, the saturated concen-
tration of glycine was measured with in situ ATR-FTIR. The
structure of residual crystals was checked with XRD.
2.4. Experiment Setup. 2.4.1. Grinding for Phase

Transformation. Figure 1 shows that phase transformation
of α-glycine to γ-glycine was conducted in a 300 mL mixing
tank (MT) crystallizer. In the case of glass bead grinding, 54 g
of α-glycine crystal in group 1 and 200 g of glass bead were
added in the MT crystallizer filled with 270 mL of deionized
water at 10 °C. Then, the glass beads were stirred with the
impeller (propeller type impeller with a diameter 4 cm, four
blades) at 200 rpm to grind the crystals. In the case of
magnetic bar grinding, the experiment was conducted under
the same conditions as those in the above experiment, such as
the amount of α-glycine crystals in group 1 and water and
temperature. However, in this experiment, the glass bead and
impeller were not used. Instead, a magnetic bar was used to
grind crystals at a rotation speed of 200 rpm. For the
comparison with the above two grinding methods, the
experiment was operated at the same conditions as those in
the above two experiments except for the glass bead and
magnetic bar. Therefore, the crystals in the crystallizer were
agitated with an impeller without glass beads.
The glycine concentration in the solution was continuously

monitored during the experiment using in situ ATR-FTIR. The
sample suspension was intermittently taken for analysis of the
crystal structure using XRD.

2.4.2. Grinding for Cooling Crystallization. For cooling
crystallization of glycine, 270 mL of glycine solution (200 g/L)

Figure 1. Schematic of the experimental setup of a batch cooling
crystallization system consisting of an ATR FT-IR probe in a mixing
tank (MT) crystallizer.
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was added with 200 g of glass beads into the MT crystallizer at
50 °C. After 60 min, the crystallizer was cooled from 50 to 10
°C at a constant cooling rate of 10 °C/h. The glycine solution
and then suspension, including the glass beads, were agitated
with an impeller at 200 rpm for grinding the crystals. A sample
was taken at 800, 1900, and 2400 min and then filtered and
dried in a vacuum oven for XRD analysis during the cooling
crystallization. The cooling crystallization was performed
under the same conditions as the above experiment, except
for the glass bead. Here, a sample was taken at 800 and 2400
min for XRD analysis of crystals.

3. RESULTS AND DISCUSSION
3.1. Effect of Crystal Size on Solubility. Figure 2a shows

the effect of crystal size on solubility of α- and γ-glycine at 10
°C. Overall, α-glycine has higher solubility than γ-glycine
because the chemical potential of metastable α-glycine was
higher than that of stable γ-glycine. According to the Ostwald−
Freundlich equation, the solubility of both α- and γ-glycine was
increased as the crystal size was decreased because the
chemical potential of the crystal was increased as the crystal
size was decreased.28,29 Here, the solubility of α-glycine was
almost invariant at ∼180 g/L for the crystal size over 20 μm
(referred to as bulk solubility of α-glycine), whereas that of γ-
glycine was approached to ∼172 g/L for the crystal size over
130 μm (referring to bulk solubility of γ-glycine).
In the literature, solubility data of α-glycine and γ-glycine in

water were reported. Yang et al.31 and Igarashi et al.32 showed
solubility at 10 °C, and it was found to be consistent with our
bulk solubility data mentioned earlier.
Figure 2b shows the effect of crystal size on the relative

supersaturation of glycine, which is defined as

= C r C( ( ) ( ) )/C ( )eq glycine eq glycine eq glycine (1)

where Ceq(r)glycine is the saturated concentration of glycine at a
crystal size of r (μm) and Ceq(∞)γ‑glycine is the bulk solubility of
γ-glycine at an infinite size.30 Here, bulk solubility of γ-glycine
(Ceq(∞)γ‑glycine = 172 g/L) was used as a reference value to
determine the relative supersaturation for nucleation of γ-
glycine. The relative supersaturation of glycine was significantly
increased up to 0.11 when the α-glycine crystal size was
reduced to 600 nm whereas the relative supersaturation was
merely increased up to 0.07 when the γ-glycine crystal size was
decreased to around 1 μm. Thus, it can be inferred that
increasing the saturated concentration of α-glycine according
to the reduction of crystal size would provide a higher driving
force for the induction of γ-glycine nucleation. In this sense, in
the next section, a phase transformation study of α-glycine to
γ-glycine was conducted by a grinding method at a consistent
temperature (10 °C).
3.2. Effect of Grinding on Phase Transformation. As

shown in Figure 3, the effect of grinding α-glycine crystal on
the phase transformation was investigated. Here, glycine crystal
in saturated solution was ground using the α-two kinds of
methods: (1) glass bead grinding using an impeller stirrer and
(2) magnetic bar grinding using a magnetic stirrer. In method
(1), the crystal was ground by the attrition between glass
beads, whereas in method (2), the crystal was ground by the
abrasion between the magnetic bar and the bottom of the
reactor. Furthermore, comparing the grinding effect, the α-
glycine crystal was agitated by an impeller without a glass bead.
Therefore, the glycine concentration in the solution was
gradually increased as the α-glycine crystal was ground.
This solution was in a saturated state with the α-glycine

crystal but was in a supersaturated state for γ-glycine, as
expressed in terms of relative supersaturation (σ) in Figure 2b.

Figure 2. (a) Glycine concentration and (b) relative supersaturation of α- and γ-glycine depending on crystal size at 10 °C.

Figure 3. Effect of grinding (impeller agitation w/o glass beads, magnetic bar agitation, and impeller agitation with glass beads). (a) Glycine
concentration (g/L) and (b) relative supersaturation (σ) profiles of glycine over time.
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When this relative supersaturation of the solution exceeded the
critical point (σcrit.), rapid nucleation was triggered.28,29 Thus,
the sharp drop in solution concentration occurred after it
reached ∼192 g/L (relative supersaturation of ∼0.11) for
sudden nucleation of the γ-glycine crystal. Then, the γ-glycine
crystal was continuously grown in the supersaturated solution
until the α-glycine crystal was entirely dissolved out for phase
transformation. Since the glass bead grinding was much more
efficient for the crystal size reduction than magnetic bar
grinding, the peak solution concentration in method (1)
occurred much earlier than that in method (2). However, the
peak solution concentration in method (2) was slightly higher
than that in method (2) due to the slow reduction of crystal
size. Here, note that even though the α-glycine crystal was
completely transformed to γ-glycine crystal, the solution
concentration did not approach the bulk solubility of γ-glycine
(σ = 0) due to the grinding effect on the γ-glycine crystal. The
γ-glycine crystal was also ground during the phase trans-
formation, increasing the saturated concentration of the γ-
glycine crystal in the solution. Thus, the relative super-
saturation (σ) was always higher than zero and rather increased
after reaching the minimum level of the relative super-
saturation. In addition, due to the effectiveness of the grinding
method, the minimum level of the relative superstation in glass
bead grinding occurred much earlier. It was higher than that in
magnetic bar grinding.
In contrast, when the α-glycine crystal was agitated by the

impeller without a glass bead, the glycine concentration in the
solution was never increased because of the absence of
grinding (or attrition). Rather, the glycine concentration was
slightly decreased due to the Ostwald ripening effect. Then, the
glycine concentration slowly approached the bulk solubility of
the α-glycine crystal, at 180 g/L.
The phase transformation of glycine crystal was confirmed

by XRD, as shown in Figure 4. XRD patterns revealed that the

α-glycine crystal was entirely converted to γ-glycine crystal
when using the grinding method. However, in the case of
impeller agitation without glass beads, the crystal structure of
glycine remained as α-phase even after 4000 min. Therefore, it
would be inferred from the above results that the grinding of
the glycine for crystal size reduction was most critical and
effective for phase transformation.
3.3. Effect of Grinding on Cooling Crystallization.

Based on Ostwald’s Rule of Stages, it was well known that the
α-phase crystal was first formed in the crystallization of glycine

but hardly transformed to γ-phase without the additives.18 In
the present study, thus, the glass bead grinding method was
applied for the promotion of phase transformation in the
cooling crystallization of glycine. The clear glycine solution was
cooled from 50 to 10 °C at a constant cooling rate of 10 °C/h
for cooling crystallization. When the crystallization was
agitated by an impeller without a glass bead, the solution
concentration was sharply dropped after the induction of
nucleation and gradually approached the saturated bulk
concentration of the α-glycine crystal (∼180 g/L), as shown
in Figure 5b.
This result suggested that the α-phase of the crystal was first

generated by the nucleation and approached the bulk
equilibrium state with α-phase without any conversion to γ-
phase even over 2500 min. However, two rapid drops of the
solution concentration were observed when the crystallization
was agitated with a glass bead, as shown in Figure 5c. The first
drop of the solution concentration occurred at around ∼200
min due to the nucleation of α-phase glycine. Then, the second
drop of the solution concentration followed the first one
around 1800 min later due to the nucleation of γ-phase glycine.
Here, it would be interesting to find that the solution
concentration in the interval between the first and second
drops (between two nucleations of α- and γ-phase glycine)
seemed to level off at around 188−190 g/L. This level was
higher than the bulk saturated concentration of α-phase glycine
(180 g/L) due to the glass bead grinding. That is, the solubility
of α-phase glycine was increased by the crystal size reduction,
as mentioned early. Precisely, the glass bead grinding slightly
increased the solution concentration in this interval, exceeding
the critical relative supersaturation (σcrit.), as shown in Figure
5c. Therefore, it resulted in the second nucleation for γ-phase
at around 2000 min. After then, the solution concentration was
decreased due to the phase transformation of α-glycine crystal
to γ-glycine crystal. Even though the phase transformation was
completed at around 2200 min, the solution concentration was
still higher than the saturated bulk concentration of the γ-
glycine crystal (172 g/L) due to the grinding effect.
The glycine crystal was sampled during the crystallization for

XRD analysis to confirm the phase transformation. The sample
was taken at 800 min (A) and 2400 min (B) in the case of
crystallization without glass bead grinding. In the crystal-
lization with glass bead grinding, the glycine crystal was
sampled at 800 min (C), 1900 min (D), and 2400 (E), as
marked in Figure 5b,c. The crystal structure of the glycine
obtained after the nucleation in the crystallizer without glass
bead grinding was always of α-phase, as shown in Figure 6a.
Meanwhile, when the glass bead grind was used in the

crystallization, it was discovered that the γ-glycine crystal was
finally obtained at 2400 min after the second nucleation even
though the α-glycine crystal was generated at the first
nucleation. Therefore, it can be insisted that the phase
transformation, which was a kinetically unfavorable process
for glycine, was significantly facilitated by the grinding method
for crystal size reduction.

4. CONCLUSIONS
It was successfully shown that glycine may be transformed by
simple physical grinding. The grinding of the α-glycine crystal
triggered the nucleation of γ-phase to facilitate the phase
transformation of glycine from α-phase to γ-phase. According
to the mechanism of the grinding method, as the crystal size
was reduced to ∼0.6 μm by the grinding, the saturated

Figure 4. Crystal structure changes over time determined by X-ray
diffraction. (a) Impeller agitation w/o glass beads, (b) magnetic bar
agitation, and (c) impeller agitation w/ a glass beads.
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concentration of α-glycine was significantly increased from 180
to 191 g/L. The elevated solution concentration provided a
high driving force to induct the nucleation of γ-phase, initiating
the phase transformation of the α-glycine crystal to the γ-
glycine crystal without any additive. Due to a more efficient
reduction of crystal size, the glass bead grinding method was
much better for the phase transformation of glycine than the
magnetic bar grinding method. Similarly, the grinding method
was critical in producing γ-glycine crystal in the cooling
crystallization without any additive. However, only the α-
glycine crystal was available in the crystallization without
grinding. As a result, the grinding method was easily adaptable
to facilitate kinetically unfavorable phase transformation of
polymorphs.
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