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Growth kinetics and mechanism of glycine crystals
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Growth rate of the {001} and {010} faces of glycine crystals was measured as a function of supersaturation in a flow cell system.
A growth mechanism was identified by comparing the resuits with theoretical models and by calculating the a-factors. The BCF
equation fits the growth data well. Thus, crystals growth of glycine can be explained by the screw dislocation mechanism.

1. Introduction

The control of crystal habit (shape) and growth
rate has great importance in fields ranging from
the chemical and pharmaceutical industries [1] to
the crystallography of proteins and the laser tech-
nology using frequency-doubling crystals [2]. The
shape of a crystals is determined by the relative
growth rates of its faces. Faces with the slowest
growth appear as large developed faces. The be-
havior of the growth rate of a crystal face is
dependent on its underlying growth mechanism.

In a supersaturated solution, solute molecules
are transported from the bulk of a solution to the
crystal surface, and integrate into the surface at a
kink site, or return to the solution. Depending on
the rate limiting step, mechanisms can be classi-
fied into diffusion controlled or surface integra-
tion controlled. For surface integration controlled
kinetics, the rate limiting steps are related to the
structure of the solid-liquid interface. Several
growth kinetic models have been proposed, and
the dependence of growth rate (G) on supersatu-
ration (o = In(c/s)) has been derived [3,4]. The
interface structure can also be characterized in
terms of the surface entropy factor, a [4]. Experi-
mental results [6,7] as well as Monte Carlo com-
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puter simulations [5] have shown that if « is less
than about 3, the interface is rough, and the
growth is linearly dependent on the supersatura-
tion. If a is greater than 4, the interface is
smooth, and the growth occurs at the steps gener-
ated by defects of surface nucleation.

We studied the growth kinetics of glycine crys-
tals from aqueous solution. Glycine was chosen as
a model compound because of: (1) simplicity of
the molecular structure, (2) intermolecular hydro-
gen bonding in its crystal structure, which is simi-
lar to that found in peptides and protein crystals,
and (3) the pro-chiral property of its crystal struc-
ture, which demonstrates an enantio-selectivity to
chiral additives. A flow cell was designed to ob-
tain the growth rates of each face of single crys-
tals as a function of supersaturation under con-
stant conditions (concentration and temperature).
The growth mechanism was identified by fitting
growth kinetic models to glycine growth data, and
by calculating the a-factors for each set of faces.

2. Experimental procedure

Materials: Glycine was obtained from Sigma.

Growth experiments: The growth rate was mea-
sured in the supersaturation range from 0.015 to
0.08. A supersaturated solution was prepared by
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Fig. 1. Schematic diagram of the flow system used to measure
growth rates of glycine crystals.

adding appropriate amounts of glycine and addi-
tives to water and heating the solution until all
solids were dissolved. The hot solution (~ 80°C)
was then filtered through a 0.45 um filter, and
cooled to room temperature (~ 23°C). The con-
centration of glycine was then analyzed with a
UV spectrophotometer (Perkin-Elmer).

The apparatus used for the flow cell experi-
ments is shown in Fig. 1. A procedure for seed
crystal preparation was developed that produced
the desired size (10-50 um) and the number
(< 10) of seeds in a cell. In this manner, local
concentration gradients in the cells were avoided.
Seed crystal preparation was as follows: A 40%
ethanol-water solution saturated with glycine was
mixed with the saturated glycine water solution
(at 23°C) in the ratio of 4:1. This solution was
then placed into the cells. After glycine crystals
nucleated, and the seeds grew to the desired size,
the cells were flushed with the growth solution
for approximately 15 min before growth rate
measurements were started.

Supersaturated solutions were circulated by a
peristaltic pump (WIZ, Isco) through the crystal-
lization cells. The cells were made of glass tubing
(2X 4 x30 mm) and were mounted in a water
jacketed holder on an inverted microscope (Nikon
Diaphot). The temperature of the cells was con-
trolled by a water bath (Neslab) at 20 + 0.2°C.

The size of crystals was measured by using 40 X
and 10 X long-working-distance objectives.

Crystallographic structure analysis: Glycine
crystals occur in three polymorphs. Single crystal
X-ray analysis (Syntex P2v and Siemens R3v) was
used to determine the polymorphic form and the
axes of the glycine crystals. A two-circle reflecting
goniometer was used to identify the Miller in-
dices of crystal faces.

3. Results
3.1. Growth rate measurement

Glycine crystals grown from water were bipyra-
midal (fig. 2). From single crystal X-ray analysis,
the a-form of %lycine crystoals was obtained
(P2,/n; a=510 A, b=120 A, c =546 A; B =
111.7°; Z = 4). The growth rates of {011} and
{010} faces were measured for the crystals laying
in a similar orientation to the one shown in fig. 2
in the crystallization cells. The size of the crystals
was measured from the outline of crystals (fig. 3).

Fig. 2. Glycine crystal.
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Fig. 3. Measurements of glycine crystals used to determine the
growth rates of {011} and {010} faces.

The growth rate was calculated by
Gy = 3 sin 67.5°d L, /dt, (1)
Gy = 1 sin 68.5° dL,/dt. (2)

The growth rate was measured as a function of
supersaturation (fig. 4). The growth rate for each
supersaturation in fig. 4 represents an average of
several crystals (3—5 crystals). For each crystal, 3
to 8 measurements of growth rates were done. It
was observed that the larger seeds (> 100 wm)
grew faster than the smaller ones. Thus, the
growth rate data presented were obtained from a
size range of 30 to 80 um. A typical standard
deviation of growth rate in a cell is 30%, which
may be partially due to the dispersion of growth
rate.
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Fig. 4. Dependence of glycine growth rate G on supersatura-
tion o.

3.2. Kinetic models

The flow rate used, 10 ml/min, was within the
range in which the growth rate was independent
of the flow rate, and is not limited by diffusion in
the bulk of the solution. Thus, the rate determin-
ing process of growth was the surface integration.
Growth models have been developed, according
to the number and the source of kink sites on the
crystal surfaces, these include rough surface,
screw dislocation, and surface nucleation mecha-
nisms.

Rough surface mechanism: An interface is
rough at the molecular level. Thus, there are
many kink sites on the surface. In this case, a
continuous growth equation has been proposed

[8]:
G=Ko. (3)

Screw dislocation mechanism (BCF model): The
growth rate is limited by the integration of a
growth unit into the crystal at a step generated by
lattice defects on the surface. The dependence of
growth rate on supersaturation has been de-
scribed as [4]:

G =K,o? tanh(K,/0), (4)
G=K,o?, (5)
G=K,o, (6)

when K, > o,
when K, < o,

where K, =K, K.

Surface nucleation mechanism (birth and spread
model): The rate limiting process of growth is the
creation of a cluster with a size larger than the
critical size. After a nucleus is formed, it grows at
a finite rate by incorporation of growth units at
steps. For this birth and spread model, the kinetic
equation is written as [3];

oy
G=K;o%" exp(—- Y , (7)

3(kgT) o

where ky is Boltzmann’s constant, and vy is the
interfacial tension.
A semi-empirical growth rate equation,

G =Ko, (8)
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Fig. 5. Plot of growth rate of glycine crystals according to eq.
(8).

frequently used in chemical engineering, was also
tested. According to egs. (4)-(6), a =1 for both
the BCF model at high supersaturation and the
rough surface mechanism, and a = 2, for the BCF
model at low supersaturation. If a > 2.5, growth
occurs by the surface nucleation mechanism. The
values of a were obtained by least square fit of
the equation, In G =a In o + b, to the data (fig.
5).. It was found that a = 1.5 + 0.2 for the set of
{011} faces, and a = 1.3 + 0.2 for the set of {010}
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Fig. 6. Fit of the screw dislocation model (the solid lines) to
the growth rate of glycine crystals obtained from non-linear
regression.

Table 1

Parameter values from non-linear fit to eq. (4)
Faces K, K,

{o11} 84+ 8 0.08 +£0.02
{010} 28413 0.03+0.02

faces. These results suggest that the growth rate
data may be represented by the BCF model. The
results of a non-linear fit of eq. (4) is shown in fig.
6. The equations for glycine crystal growth rate
(pwm/min) are

Gy = 840 tanh(0.08/c), 9)
Gyo10) = 2802 tanh(0.03 /o). (10)

The standard errors of the fitted parameters are
listed in table 1.

To verify the mechanism, the growth data were
further tested on the birth and spread model.
The model was evaluated by plotting the data
according to the linear form of eq. (7), In(G /o°/°)
versus o~ '. As shown in fig. 7, the data are not
explained by this model. When surface nucleation
occurred at higher supersaturation, the value of y
obtained was an order of magnitude smaller than
the value reported by Black and Davey [9].
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Fig. 7. Growth rate of glycine crystals plotted according to the
surface nucleation model (eq. (7).
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3.3. The surface entropy factor

In terms of measurable quantities, the a-factor
can be expressed as [10]:

a={¢AH/RT, (11)

where AH, is the heat of solution, and { is the
anisotropy factor, and can be expressed as

g = Eslice/Ecr .

E ;.. is the horizontal bond energy between adja-
cent solid blocks, and E_, is the total crystalliza-
tion energy.

Using eq. (11), the a-factor was calculated to
be 3.9 for the {011} faces and 5.5 for the {010}
faces, based on the heat of solution [11] and
attachment and slice energies [12]. The observa-
tions of faceted faces and the high value of the
a-factor suggest that the growth occurs on a
smooth surface by a defect mediated mechanism.
This is in agreement with the results from the
growth kinetics.

4. Discussion

According to the results from fitting various
models to the glycine crystal growth data and the
calculation of the a-factor, the growth of glycine
crystals is explained by the screw dislocation
mechanism. The parameter, K;, in eq. (4) was
found to be 0.08 for the {011} faces and 0.03 for
the {010} faces. These values of K, are in the
same range as the experimental values of the
supersaturation (0.015-0.08). In this case, eq. (4)
cannot be simplified to either the quadratic func-
tion in eq. (5) or the linear function in eq. (6).
This is consistent with the fitted a-values in eq.
(8) (1.5 for the {011} faces and 1.3 for the {010}
faces).

Only thermodynamic variables are taken into
account in the a-factor; however, the kinetic as-
pects and the adsorption of solvent molecules on
the crystal surface should also be considered. The
crystal structure of glycine (fig. 8) [16] shows that
the {011} faces are very polar. On the {011} faces,
both oxygen atoms of the carboxyl group are

ok
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Fig. 8. Packing arrangement of a-glycine viewed along the a
axis.

normal to the faces. This provides good binding
sites for polar water molecules [12). Thus, the
growth of {011} faces, along the c¢ direction, is
expected to be slower than the predicted rate
based on the a-factor. Although the calculated
a-factor value, 3.9, for the {011} face is at the
border of the BCF model and other mechanisms,
the slower growth rate of {011} faces due to
solvent adsorption supports our proposition of
the screw dislocation mechanism for the glycine
crystal growth.

Our observation that the larger crystals often
grew faster than the smaller ones under the same
conditions may be related to the growth disper-
sion. Growth dispersion of single crystals under
constant conditions has been reported in several
studies [13—-15]. This phenomenon may indicate a
surface integration mechanism, particularly the
BCF model, where the variation in growth rates
is due to the difference in the surface density of
defects on the seed crystals.
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