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ABSTRACT: This study reports the selective growth ofγ-glycine crystals via concentrating microdroplets of aqueous glycine solutions
through slow evaporation of water using an evaporation-based crystallization platform. In prior studies,γ-glycine crystals could only be
obtained from non-neutral pH solutions, by applying electromagnetic fields, or in the presence of impurities that suppress the formation of
the kinetically favoredR-glycine polymorph. Here in our work, pureγ-glycine crystals form below a certain rate of evaporation (i.e. below
a certain rate of supersaturation). Below this rate the crystallizing solution stays close to equilibrium throughout the evaporating process,
allowing the system to sample the lowest free energy state during the formation of nuclei. These results point to the interplay of kinetic and
thermodynamic effects on selective crystallization of different polymorphs. Polymorphic analysis was performed by examining all samples
as randomized polycrystalline particles. The resulting multiframe diffraction patterns were combined to generate a single powder X-ray
diffraction (PXRD) spectrum of each sample. In comparison to traditional powder diffraction methods, the quantitative polymorphic analysis
procedure reported here eliminates the need to mechanically grind crystalline material, thereby avoiding the potential for undesired polymorphic
transformations prior to data collection.

Understanding and controlling solution crystallization and poly-
morphism has been an area of active research for many decades.1

Amino acids are widely used as model systems in these studies
because of their well-established physical properties and their ability
to crystallize in a range of polymorphs.2 The simplest amino acid,
glycine, crystallizes in three distinct polymorphic forms at atmo-
spheric pressure:R, â, andγ.3 Recently, additional polymorphs
of glycine that formed under high pressure have been reported.4,5

The centrosymmetric, metastableR form of glycine crystallizes
spontaneously as bipyramids with space groupP21/n from mod-
erately supersaturated aqueous solution at a neutral pH of 6.2.6 The
unstableâ-glycine polymorph crystallizes in the form of needles
with space groupP21 when either an alcohol is added to a
concentrated aqueous glycine solution7,8 or acetone is added to a
saturated solution of glycine in water and glacial acetic acid.9

Recently, Torbeev et al. grewâ-glycine in aqueous solutions in
the presence ofR-amino acids operating as stereospecific nucleation
inhibitors.10 In 1954 Iitaka discovered the stableγ form of glycine
in commercial samples and found that this polymorph can be
obtained by recrystallization of theR form from aqueous solutions
in the presence of acetic acid.11 Later, he showed that theγ
polymorph, which crystallizes as trigonal prisms with polar space
groupP32,12,13 could also be obtained directly by slow cooling of
mildly acidic (acetic acid) or mildly basic (ammonium hydroxide)
aqueous glycine solutions.13

Although theγ polymorph is thermodynamically the most stable
form of glycine known under ambient conditions,14 crystallization
of γ-glycine in neutral aqueous solutions is typically hindered by
the formation of the kinetically favoredR form. Glycine solutions
that are at or close to glycine’s isoelectric point of 5.97 favor the
formation of neutral zwitterionic cyclic dimers,15 (+H3NCH2COO-)2,
which are the elementary building blocks of theR polymorph. In

contrast, glycine solutions with a pH value far enough from the
isoelectric point will promote the formation of cations (+H3NCH2-
COOH at low pH) or anions (H2NCH2COO- at high pH), resulting
in a “self-poisoning” mechanism that inhibits the crystallization of
the R polymorph and, thus, theγ-glycine is obtained instead.3

Weissbuch et al. reported that the inhibition of the crystallization
of theR form could also be accomplished by adding “tailor-made”
impurities such as racemic hexafluorovaline16 or racemic pheny-
lalanine and methionine10 to the solution. All of these studies
suggest that kinetic restrictions on crystal nucleation and growth
have a dominant effect on polymorph selectivity. Recently, Myerson
and co-workers reported novel techniques to induce the nucleation
of the polar γ polymorph by exposing supersaturated aqueous
glycine solutions to either plane-polarized laser light or a strong
dc electric field.17-19 The authors proposed a crystallization
mechanism in which highly polar clusters of glycine molecules,
preexisting in the solution, are aligned by either the laser pulses or
the electric field, resulting in the formation of the noncentrosym-
metric γ-glycine crystals.

Here we report the formation of theγ polymorph of glycine from
aqueous solutions at neutral pH, without addition of impurities and
without exposure to electromagnetic fields. Our method involves
slow evaporation of water from microdroplets of aqueous glycine
solutions. To manipulate the evaporation rate of water, we take
advantage of an evaporation-based crystallization platform that
allows for the evaporation of water from a crystallizing droplet to
the outside environment at a set rate through a channel of predefined
geometry and dimensions.20,21

Glycine (Fluka,>99.5%) was dissolved in DI water (18 MΩ
cm, Barnstead) and was used without further purification. The
resulting solutions (200 mg/g of water) were filtered through 0.2
µm syringe filters (Nalgene) before being introduced to the
crystallization platform. Droplets of the glycine solution (5µL)
were pipetted onto either silanized or nonsilanized glass slides
(Hampton Research). These glass slides were inverted and placed
on top of evaporation compartments of a crystallization platform
that we described previously.21 We sealed the glass slides in place
using high-vacuum grease (Dow Corning) to avoid evaporation of
water through any gaps other than the evaporation channel. The
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cross-sectional area and length of the evaporation channel determine
the rate of evaporation.21

The pH values of aqueous glycine solutions were measured
(Denver Instrument PH-250) and were found to be constant (within
0.02 pH unit) for glycine concentrations higher than 100 mg/g of
water (Figure 1). This observation confirms that the pH of the
evaporating glycine solution does not change significantly through-
out the experiments reported below.

The following sets of experimental conditions were used in our
experiments to crystallize 188 microdroplets: (1) 18°C and 52%
relative humidity (RH); (2) 21°C and 22% RH; (3) 21°C and
32% RH (Table 1). The conditions of temperature and humidity
were chosen according to the availability of different controlled
environments (cold room, warm room, ...). These three sets of
experiments were our main experiments in which the solution
droplets were sitting on silanized glass slides. In the experiments
with conditions 1 and 2, the droplets were crystallized using
platforms with evaporation channels of varying cross-sectional area.
Varying the channel geometry, in combination with varying the
temperature and humidity, allows for the crystallizing droplets to
be exposed to a range of evaporation rates. The rate of evaporation
can be related to the channel geometry and the ambient conditions
through22

whereE is the molar flow rate of evaporating water out of the
chamber,D is the diffusivity of water vapor in air,R is the gas
constant,T is the absolute temperature, andP is the total pressure,
while P1 is the saturated vapor pressure of water andP2 is the partial
pressure of water vapor in the laboratory environment that is
calculated from multiplying the relative humidity byP1. The activity
coefficient of water in the droplet isλ, andAc andL are the cross-
sectional area and length of the evaporation channel, respectively.

In set 3, the glycine-containing droplets were placed on silanized
glass slides, open to the laboratory environment (no compartment),
and the crystallization was driven by free evaporation. The rate of
evaporation in this last case was calculated by dividing the amount
of water in the droplets by the time for the droplets to completely
dry out, whereas the evaporation rates for the crystallization
platform were calculated from the above equation. In addition to
the aforementioned three sets of experiments, we have also
conducted control experiments in which the solution droplets were
pipetted on nonsilanized glass slides to test the possible effects of
the nature of the surface on nucleation behavior (Table 1). The
droplets were inspected regularly for the formation of crystals using
an optical microscope (Leica Z16 APO). The frequency of
inspection of the droplets for crystal formation depended on the
rate of evaporation (Table 1). Crystals were harvested using a
tweezer, gently dried in a desiccator, and stored at-4 °C until
X-ray diffraction (XRD) analysis was carried out (Bruker AXS
P4RA23). The drying and low-temperature-storing steps were
performed to avoid possible polymorphic transformation over time
(vide infra).

Comparison of sets of experiments in which glycine crystals grew
on silanized and nonsilanized glass slides, respectively (Table 1),
reveals that the morphology of the resulting crystals could be biased
by tuning the evaporation rate of water independent of the nature
of the surface. While surfaces may have an effect on the outcome
of these experiments, our results demonstrate that the crystal
morphology produced by a given surface can be modulated by the
rate of supersaturation.

The nucleation times of the crystallizing droplets were recorded,
and the level of supersaturation (i.e. the ratio of solute concentration
to solubility) at the onset of nucleation for each droplet was
estimated using the initial glycine concentration, the known
evaporation rate of water for the specific crystallization platform
used, and the known solubility data of glycine polymorphs in
water.24 Supersaturation and concentration values calculated at the
onset of nucleation for both theR and γ polymorphs for typical
conditions (Table 2) are well above the equilibrium solubilities for
the respective polymorphs.24 When the evaporation rate of water
was slow (i.e. 0.132 mg/h, Table 2), glycine crystals formed at a
lower level of supersaturation (1.78 and 1.98 for theR and γ
polymorphs, respectively, Table 2), implying a narrower metastable
zone, whereas they formed at a higher level of supersaturation (i.e.

Table 1. Experimental Conditions and Results for Crystallization of Aqueous Glycine Solutions by Slow Evaporation

no. of expts resulting in
a particular type of cryst

expt set temp (°C)
rel humidity

(%)
rate of evaporation

(mg/h)
time between
observns (h) no. of expts R γ

Experiments on Silanized Glass Slides
1 18 52 0.023-0.141 2 30 0 30
2 21 22 0.048-1.157 0.2-2 78 0 78
2 21 22 1.330 in situ monitoring 40 3 37
3 21 32 ∼5.0 in situ monitoring 40 6 34

Experiments on Non-Silanized Glass Slides
4 18 52 0.141 2 10 0 0
5 21 68 0.446 0.5 10 2 8
6 21 68 ∼6.5 in situ monitoring 20 7 13

Figure 1. pH values of the aqueous glycine solution as a function of glycine
concentration at 21°C. The solid lines connecting the data points are drawn
to guide the eye.
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Table 2. Calculated Supersaturation Values at Onset of Nucleation
for Both r- and γ-Glycine Polymorphs for Typical Crystallization

Conditions

supersaturation
at nucleation

for different polymorphs24

temp
(°C)

rel
humidity

(%)

rate of
evaporation

(mg/h)
nucleation
time (h) R γ

21 32 ∼5.0 0.8 6.72 7.51
21 22 1.294 2.8 4.41 4.93
21 22 0.666 4.5 2.48 2.77
21 22 0.256 10.3 1.98 2.21
21 22 0.132 18.4 1.78 1.98
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4.41 and 4.93 for theR andγ polymorphs, respectively, Table 2),
implying a wider metastable zone, when the evaporation rate was
fast (1.294 mg/h, Table 2). These findings are in agreement with
the results from several other studies on the dependence of the
metastable zone width on different rates of supersaturation as a
result of different cooling rates of the solution.25-27

We also found that, when the evaporation rate of water (i.e. the
rate of supersaturation generation) was relatively slow, the resulting
crystals were agglomerates with no well-defined faces and edges
(Figure 2). Randomly, we chose 5 crystals from 5 different droplets
for structural and polymorphic analysis by XRD and they were all
confirmed to be>99% theγ polymorph of glycine (vide infra).
When the rate of evaporation exceeded a critical value of∼1.30
mg/h, theR polymorph started to show up: 3 out of 40 droplets
producedR crystals at an evaporation rate of 1.33 mg/h, and 6 out
of 40 droplets producedR crystals at an evaporation rate of∼5.0
mg/h (see Table 1). Once theR nuclei form, they will rapidly grow
to matureR-glycine crystals, due to the fast growth rate of glycine28

and the fast rate of supersaturation as a result of the high rate of
evaporation in experiments that yieldR crystals only. This rapid
growth of R crystals will deplete glycine from the liquid phase,
resulting in a drop in the level of supersaturation. As long as theR
form grows at a rate comparable to or greater than that of theγ
form, only R-glycine crystals will be observed in the experiments
that are exposed to high rates of evaporation, whereR nuclei do
not have time to transform toγ nuclei. TheR-glycine crystals
formed at these higher rates of evaporation were identified both
from their unique bipyramidal shape apparent in the optical
microscope (Figure 3) and via single-crystal XRD analysis. These
results suggest that polymorph selectivity can be affected by
manipulating the rate of supersaturation imposed during crystal-
lization.

Boldyreva et al. reported that the polymorphic composition of
the raw material could be an important factor in determining the
resulting polymorph from a crystallization experiment.29 In light
of this hypothesis, we also characterized raw glycine powder from
Fluka that we used in the preparation of our solutions along with
the resulting crystals using XRD (Bruker AXS P4RA), and the raw

glycine powder was confirmed to be theR form (Figure 4a). Thus,
obtainingγ-glycine from slow evaporation cannot be the result of
the nature of the starting material; instead, it is the result of the
method used to obtain the crystals. Both the raw commercial glycine
and the glycine crystals that we grew from aqueous solutions by
slow evaporation were examined as randomized polycrystalline
particles. We use this term to describe the product, because all
γ-glycine crystals were comprised of single-crystal domains (Figure
2) too numerous to orient separately and too large to generate a
continuous powder ring by rotating the sample in one dimension.
We observed no systematic orientation with respect to the experi-
mental environment. While analyzing the crystals using XRD, we
exposed multiple frames in two dimensions, normal and parallel
to the detector face (ø andψ); then the resulting multiple images
were combined to generate a continuous powder ring for integration
(see the Supporting Information for the data and further experi-
mental details). This might be characterized as an extreme example
of preferred orientation, a problem widely known to complicate ab
initio structure determinations from powder diffraction data.30 To
the best of our knowledge, we use for the first time a method
involving multiframe diffraction for quantitative analysis of poly-
morphic composition, a process that is typically complicated by
the preferred orientation of one or more components. This procedure
offers a major advantage over the traditional powder diffraction
methods that involve mechanical grinding of crystalline materials.
By eradicating the physical stress applied to the crystals before
analysis, this method eliminates the possibility of polymorphic

Figure 2. Optical micrographs ofγ-glycine crystals formed in aqueous
solution droplets under different experimental conditions: (a) temperature
18 °C, relative humidity 52%, and rate of evaporation 0.090 mg/h; (b) 21
°C, 22%, 0.159 mg/h; (c) 21°C, 22%, 0.189 mg/h; (d) 21°C, 22%, 0.221
mg/h; (e) 21°C, 22%, 0.256 mg/h.

Figure 3. Optical micrographs ofR-glycine crystals formed in aqueous
solution droplets crystallized on silanized glass slides, open to the laboratory
environment (21°C, 32% RH, evaporation rate∼5.0 mg/h).

Figure 4. Powder X-ray diffraction data for (a) raw glycine powder (Fluka)
and (b) glycine crystals grown in aqueous solutions at 21°C, 22% RH by
slow evaporation of water at a rate of 0.189 mg/h. In both (a) and (b), the
top diffraction pattern is the actual experimental data and the bottom pattern
is simulated as described in the text.
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transformation due to external forces. To estimate the polymorphic
composition of the samples, we used an established method31 in
which the actual PXRD data were compared to simulated PXRD
data based on the crystallographic information files (CIF) of the
relevant polymorphs from the Cambridge Structural Database
(CSD).32 The CIFs forR-, â-, andγ-glycine used in our case were
GLYCIN29, GLYCIN31, and GLYCIN33, respectively. The per-
centages of respective polymorphs shown in Figure 4 are obtained
by fitting the actual PXRD data using the three known CIFs of
glycine polymorphs and then determining the best combination of
fractions using the software package TOPAS (Bruker).31 By using
the abovementioned method, we confirmed that the commercial
sample consisted of more than 98% of theR form (Figure 4a) and
that the glycine crystals grown by slow evaporation from neutral
aqueous solution consist of more than 99% of theγ form (Figure
4b). We attribute the minor deviations from 100% in the analysis
of the data to noise from background diffraction and adsorption.

The important question that arises from our observations is
whether the glycine crystals formed in solution directly as theγ
polymorph or whether theR polymorph (or a mixture of theR and
γ polymorphs) formed first before transforming to pureγ-glycine
over time, since theγ polymorph is thermodynamically the most
stable form. Two pieces of evidence exclude the initial formation
of theR form. First, no change in the morphology of the growing
crystals was detected using an optical microscope. Second, poly-
morphic transformations of glycine fromR to γ forms are known
to happen over much longer periods of time than the time frame of
our experiments. For example, a sample initially comprised of 100%
R crystals at 40°C and 70% RH requires up to 10 days to
completely transform to theγ form if the crystals are wet and more
than 30 days to show significant transformation (5%) if the crystals
are dry.33 The above study also reported that, for an initial sample
comprised of 60%R-glycine and 40%γ-glycine, wet and dry
crystals transform to pureγ-glycine in 1 and 3 days, respectively,
again at 40°C.33 The rate of polymorphic transformation is expected
to be substantially slower in our experiments (at 18 and 21°C)
than the rates reported in the literature (at 40°C), because the rate
of transformation exhibits an Arrhenius dependence on tempera-
ture.33 Moreover, the time span between crystal formation and
PXRD analysis in our experiments was typically on the order of
only 2 h, which is negligible compared to the time scales of several
days required for polymorphic transformation reported in the prior
studies mentioned above.33 These considerations lead us to conclude
that polymorphic transformation can be excluded as the explanation
for obtaining more than 99% of theγ polymorph of glycine from
neutral aqueous solutions that are concentrated by slow evaporation.

In the experiments that produced exclusively the thermodynami-
cally stableγ-glycine polymorph, solution crystallization was driven
by very slow evaporation of water (0.02-1.30 mg/h for 5µL
solution droplets). We hypothesize that this slow rate of evaporation
allows the solution to sample a broad range of energy states and,
thus, the system is not trapped in a local-minimum energy state
that results in a metastable solid form, theR polymorph. The slow
rate of supersaturation generation leads to redissolution of the
metastable nuclei of theR polymorph in favor of the lower free
energy molecular configurations that result in nuclei of theγ
polymorph. Therefore, when the rate of evaporation is slow enough
for the solution to maintain or stay close to the thermodynamic
equilibrium throughout the evaporation process, the stableγ
polymorph will be the final product.

In sum, this study demonstrates a new, direct way to grow
γ-glycine crystals from a neutral aqueous solution without introduc-
ing chemical additives or applying external electromagnetic stimuli
to the system. This finding may be applicable to crystallization

processes that are targeted to grow the most stable polymorphs of
other substances. At present, we are further exploring the correlation
between the rate of supersaturation generation and the physical
processes involved in crystal nucleation and growth with respect
to polymorphism.
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