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Small angle x-ray scattering is utilized to directly examine the formation of clusters in supersaturated
solutions of glycine, in an attempt to understand their role in the nucleation process. The results suggest
that the majority of glycine molecules exist as dimers in aqueous solutions, and monomers in 13% (v=v)
acetic acid-water mixtures. As the water and acetic acid–water solutions crystallize into � and � forms,
respectively, the findings indicate a direct correlation between molecular self-association in solution and
the polymorphic outcome.
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Solution crystallization is vital to many processes occur-
ring in nature. The initial stage of crystallization—the
period between the achievement of supersaturation and
the formation of nuclei—is crucial in determining the final
product properties. Classical nucleation theory (CNT),
which allows estimation of the critical size and nucleation
rate, provides no information regarding the pathways lead-
ing from the solution to the solid crystal and may not even
be qualitatively correct [1]. Theoretical and experimental
studies suggest that nucleation from supersaturated solu-
tions might be a two-step process, where density fluctua-
tions occur prior to structure fluctuations [2–6]. A recent
small angle x-ray scattering (SAXS) study by our group
demonstrated that glycine dimers in supersaturated solu-
tions transform from mass fractal to surface fractal struc-
tures prior to nucleation, suggesting that the formation of a
liquidlike critical cluster is followed by organization into a
lattice, as opposed to the CNT where the fluctuations in
density and structure order parameters proceed simulta-
neously [7]. Even though numerous experimental studies
have reported the existence of prenucleation clusters in
supersaturated solutions of small molecules, most of these
studies do not provide direct evidence about the structure
of the clusters or their influence on the solid state outcomes
[8,9]. The growth of a desired polymorph can be promoted
by additives that selectively inhibit the undesired struc-
tures, based on the hypothesis that supersaturated solutions
contain clusters with packings corresponding to all the
polymorphs of a system [10–12]. Recently, the nature of
the solute-solvent interactions was shown to significantly
affect the initial association of solute molecules and the
polymorphic outcome of the crystallization, providing evi-
dence for a direct link between molecular self-association
in solution and the crystallized solid form [13–15].

In the present study, SAXS is utilized to directly mea-
sure the formation and evolution of prenucleation
clusters in supersaturated solutions of glycine, in order to
understand the relationship between self-assembly of
solute molecules and the final crystal structure, and ulti-
mately develop a structural perspective of the nucleation
process. Glycine is known to exist as a zwitterion
(�H3N-CH2-COO�) in aqueous solution at the isoelectric
point (pH 6.2). The existence of zwitterions strongly de-
pends on the solution pH, as the carboxyl group is proto-
nated to give cations (�H3N-CH2-COOH) at pH values
below 2.35, while the amino group is deprotonated to give
anions (H2N-CH2-COO�) at pH values above 9.78 [16].
Glycine has three crystalline modifications under ambient
conditions, the �, �, and � forms whose order of thermo-
dynamic stability is � > �>� [17]. The crystal lattice of
� glycine is composed of centrosymmetric double layers
that are held firmly intact by hydrogen bonds between
cyclic molecular pairs and crystallizes spontaneously
from aqueous solutions with bipyramidal morphology
[18]. In the crystal lattice of � glycine, molecules are
arranged in helical chains around the threefold screw
axes parallel to the c axis and packed into a three-
dimensional network by lateral hydrogen bonds [19]. �
glycine crystallizes from aqueous solutions made acidic
with acetic acid or sulfuric acid, or basic with ammonium-
hydroxide [19].

SAXS measurements were performed at the BioCAT
beam line (18-ID) at the Advanced Photon Source,
Argonne National Laboratory. Glycine solutions at con-
centrations ranging from 3:60 to 4:27 M were prepared by
combining solid glycine, 99.8% (Sigma), and deionized
water (� � 18 M� cm) in test tubes and heating in an
ultrasonic water bath at 60 �C until the glycine was com-
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pletely dissolved. Half of these solutions were made acidic
(pH� 3:6) by further addition of glacial acetic acid
(Pharmco Products Inc.), at 13% by volume. Solution
samples of �100 �l were loaded into thin-walled glass
capillaries of diameter 2 mm, sealed, and placed vertically
in a brass sample holder, which was fitted to a PE120
Peltier heating/cooling stage (Linkam Scientific In-
struments) and aligned with the beam. The temperature
of the stage was controlled remotely and the actual tem-
perature was recorded from a thermocouple inserted into a
small cavity close to the capillary. Data collection was
started immediately with the temperature of the sample
holder being reduced from 65 to 6:5 �C at the rate of
4 �C=min, in order to achieve supersaturation. The satu-
rated aqueous solution of glycine has a concentration of
2 M at 65 �C, which allowed measurements at supersatu-
ration (SS) levels ranging from 1.8 to 2.1 following the
cooling period (SS � c=co, where c is the actual concen-
tration and co is the saturation concentration). Even though
the addition of acetic acid dilutes the solutions, the degree
of supersaturation is expected to be close for the pure and
acidic solutions since acetic acid slightly decreases the
solubility of glycine (co was measured to be 2.8 and
2.6 M at 24 �C in aqueous and acidic solutions, respec-
tively). The SAXS data were collected with x-ray expo-
sures of 20 s at intervals of 60 s until crystallization was
observed visually. Since the local heating caused by ab-
sorption of x rays decreases the supersaturation, conse-
quently hindering the nucleation process [7], high energy
x rays of 25 keV were used to diminish the absorption
effects and reduce the induction time to a few hours. The
beam size on the sample was 300 �m� 300 �m and the
CCD detector (86 mm� 49 mm) was placed at 3.23 m
from the sample to cover a q range of 0:008 to 0:3 �A�1.
Data reduction was performed in Igor Pro (Wavemetrics,
Inc.) with macros developed by the BioCAT staff. The
scattering profiles were normalized with the transmitted
beam intensity measured by a p-i-n diode in the beamstop.
The background scattering measured from capillaries filled
with water or 13% (v=v) acetic acid-water mixture was
removed from the final scattering data. The data were
modeled using the Irena package [20].

Crystallization was achieved within two hours in the
majority of samples. The aqueous glycine solutions formed
multiple bipyramidal-shaped crystals, while needle-shaped
crystals were grown vertically along the length of the
capillaries in the presence of acetic acid. The crystals
were characterized by Raman spectroscopy following the
SAXS measurements without being removed from the
solutions and � and � glycine were observed in the pure
and acidic solutions, respectively. Guinier analysis was
performed in the q range between 0:029–0:30 �A�1, and
representative fits are shown in Fig. 1. In spite of the fairly
high solution concentrations, the effect of interference
between x rays scattered by individual particles was not
apparent in the scattering profiles of glycine in acid-free

solutions in this q range [Fig. 1(a)]. However, interparticle
interactions were observed in the presence of acetic acid,
as manifested by a depressed scattering intensity in the low
q region, leading to a local peak in the SAXS curve
[Fig. 1(b)]. The SAXS intensity for correlated systems is
given by I�q� � NP�q�S�q�, where N is the number den-
sity of particles, P�q� is the particle form factor, and S�q� is
the solution structure factor, which accounts for the inter-
action of particles in the solution. The scattering profiles
without particle interaction were obtained by dividing the
experimental intensity by the solution structure factor:

 S�q� �
1

1� pF�q; d�
; (1)

where p is the packing density, equal to 8 times the ratio of
the hard sphere volume per average volume available.
F�q; d� is the form factor function for structural correlation
occurring between particles at average radial interparticle
distance, d proposed by Beaucage et al. [21] for spherically
symmetric particles, based on the Born-Green theory. The
parameters p and d were determined by fitting the F�q; d�
function to the experimental data simultaneously with the
Guinier analysis. As expected, the Rg values for the acid-
free solutions were independent of the inclusion of the
interaction term in the analysis, confirming that S�q� � 1
for this system.
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FIG. 1. Guinier fits performed on scattering profiles of
(a) 4.05 M pure and (b) 3.61 M acidic glycine solutions at t �
6:5 min, showing experimental data (circles and squares) and
Guinier fit with (gray line) and without (black line) interference
term.
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Figure 2 shows the variation in radius of gyration (Rg)
over time for 4.05 M aqueous glycine solution and 3.61 M
acidic glycine solution. The first 15 min corresponds to the
cooling period, where the temperature of the solutions was
reduced from 65 to 6:5 �C at a constant rate of 4 �C=min.
These trends were reproducible within an error of 	0:2 �A
for four different samples, with slightly different induction
times. In the pure glycine solution, Rg monotonically in-
creases from 2.72 to 3.20 Å during the initial 15 min of
cooling and then stays near 3.2 Å for the next 40 min at the
stabilized temperature of 65 �C. While the radius of the
glycine molecule is reported as 2.8 Å, the radius of gyra-
tion, which is the root mean square of distances from the
center of mass, is expected to be a more compact value, in
the range of 1.5–2.0 [22]. Consequently, the initial Rg of
2.7 Å suggests the presence of dimers and even multimers
coexisting with monomers before supersaturation is
achieved. The increase of Rg to 3.2 Å during the cooling
period can be attributed to the progressive dimerization of
glycine molecules and formation of multimers with in-
creasing level of supersaturation. The corresponding scat-
tering intensity profile shows an initial decrease, followed
by an increase (Fig. 3). These changes occur in a wide low-
to mid-q range so they are not likely due to interference
effects or large aggregate scattering. Although the cause of
the initial decrease in scattering intensity is unclear at the
present time, the subsequent increase can be attributed to
the increase in the particle volume due to dimerization and
possible multimer formation. These results are consistent
with the indirect measurements and theoretical studies that
reported the existence of dimers in aqueous glycine solu-
tions and the growth of � glycine by assembly of cyclic
dimers [9,23,24]. The second increase in Rg at 55 min,
which was not observed in samples that did not crystallize,
is attributed to the onset of nucleation. It is possible that the

dimers and multimers localized in high density domains
organize themselves into larger aggregates, leading to the
formation of crystals, as proposed in our previous report
[7]. The decrease in scattering intensity at 62 min is likely
an indication of concentration decrease in the parent solu-
tion due to the growth of crystals, which are too large to be
detectable in the measured q range. The lag of 7 min
between the onset of Rg increase and the onset of scattering
intensity decrease is the time needed for reorganization to
form crystals. As Rg reaches�4 �A, the increase in particle
size slows down, which may indicate that small nuclei of
�4 �A associate and develop into larger crystals in a very
short time span.

In the presence of acetic acid, the Rg and intensity
profiles (Figs. 2 and 3, square symbols) display trends
differing from those in acid-free solutions, indicating dif-
ferent solution chemistry. It should be noted that the Rg
values are approaching the measurable limit (� 1:3 �A) in
the currently probed q range and hence further measure-
ments at higher q are needed to support these data. The
small Rg values over the whole process imply that glycine
molecules mostly exist as monomers in the 13% (v=v)
acetic acid-water mixtures. The decrease from the initial
Rg value during the cooling period can be interpreted as the
consequence of molecular shrinking due to reduced solu-
bility at the lowered temperatures. The lack of increase in
the corresponding scattering intensity over the whole pro-
cess supports the hypothesis that dimerization is not favor-
able in the presence of acetic acid, resulting in monomer-
rich supersaturated solutions. The inhibition of dimer for-
mation has been suggested in the literature to explain the
preferred crystallization of � glycine in acidic conditions
and attributed to the increased concentration of positively
charged glycine molecules, which are incapable of forming
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FIG. 2. Variation in radius of gyration over time for 4.05 M
pure (circles), and 3.61 M acidic (squares) glycine solutions. The
standard deviation of fit values falls within in the symbol size.
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FIG. 3. Variation in intensity over time for 4.05 M pure
(circles), and 3.61 M acidic (squares) glycine solutions.
Intensities are obtained from Guinier prefactor, G �
NV2����2, where N is the number density of particles, V is
the particle volume, and �� is the electron density difference
between particles and solution medium.
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cyclic dimers due to repulsion of like charges [12,16].
However, the concentration of cations at pH � 3:6 in our
solutions would be too small (5.3% of the total glycine
molecules, calculated from pKa1) to have a significant
impact on dimer formation, as has also been stated in a
recent study by Towler et al. [25]. In addition to the pH
effect, the interaction of undissociated acetic acid mole-
cules and acetate ions with glycine zwitterions may play a
role in determining the relative proportion of monomers
and dimers in the solution. The correlations between par-
ticles are expected to be stronger in a solution rich in
cations and zwitterions compared to a system of nonpolar
cyclic dimers with lower number density. This may explain
why interference effects are prominent in the scattering
profiles of the acidic glycine solutions. The scattering
curve at low q becomes more depressed and the calculated
packing density (p) progressively increases during the
cooling period, which can be an indication of high density
domains, such as liquidlike clusters, evolving with increas-
ing supersaturation. The CCD image at 88 min contains
two long intense scattering streaks radiating from the
vertically aligned, needlelike crystals. Hence, the observed
increase in Rg at �80 min may correspond to the onset of
nucleation.

It has been suggested in earlier studies that molecular
cluster formation in glycine solutions increases steadily
with concentration [26,27]. Our measured average Rg val-
ues prior to the cooling process were 2.92, 2.91, 2.66, and
2.59 Å for 3.60, 3.83, 4.05, and 4.27 M aqueous glycine
solutions, respectively. Similarly, the average initial Rg
values were 2.21, 1.95, and 1.72 Å for 3.41, 3.61, and
3.81 M acidic glycine solutions, respectively. While the
Rg values changed during the course of each experiment,
the descending magnitude of Rg with increasing concen-
tration was universal. These results are apparently in con-
tradiction with the notion that glycine has a greater
tendency to associate in more concentrated solutions, how-
ever, the increased concentration also can lead to a depres-
sion of the measured Rg due to stronger interference effects
in the scattered x rays.

The observed existence of dimers in aqueous solutions is
consistent with the nucleation of � form, which has a
double layer structure composed of cyclic dimers. This
supports the hypothesis that the tendency for cyclic dimer
formation is a factor in the preferred crystallization of �
glycine from aqueous solution. Conversely, the scattering
data imply that acetic acid-water mixtures are rich in
glycine monomers and crystallize into the � form with a
polar chain structure built of monomeric growth units.
These findings suggest a direct link between the initial
association of glycine molecules in solution and the final
crystal structure. The presence of acetic acid has a signifi-
cant impact on the relative abundance of building blocks
corresponding to the � and � forms in solution, and con-
sequently on the polymorphic outcome. The results also

demonstrate the utility of SAXS as a technique to directly
probe molecular associations in supersaturated solutions of
small organic molecules and provide insight into their role
in the nucleation process.
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