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Purpose. The purpose of this work was to monitor polymorphic trans-
formations of glycine during the drying phase of a wet granulation
and model the polymorphic conversions using a time-based reconcili-
ation model.
Methods. Near-infrared spectroscopy (NIR) was used for quantita-
tion of polymorphs, and X-ray powder diffraction (XRPD) was used
for qualitative analysis of polymorphs.
Results. The data show that the faster the granulation was dried, the
more kinetic trapping of the metastable �-glycine polymorph, as pre-
dicted by reconciliation of the time scales of both the drying rate and
the rate of the solution-mediated conversion.
Conclusions. By knowing basic properties of the drug substance
(solubility of the polymorphic forms and the rate of the solution-
mediated conversion), processing conditions, such as the drying rate,
can be adjusted to anticipate and prevent potential polymorphic
transformations.

KEY WORDS: fluid-bed drying; glycine; near-infrared spectros-
copy; polymorphism; tray drying.

INTRODUCTION

Wet granulation is a size enlargement process during
which small particles are formed into larger, physically strong
agglomerates, using a binding agent (1). During a wet granu-
lation, a solvent, usually with a polymeric binder, is added to
wet the drug substance and excipients. Once the wetting
phase is complete, the drug substance and excipients are
dried. The combination of granulating solvent and drying
conditions provide a suitable environment for the conversion
to alternate crystalline forms. Crystal form conversions dur-
ing the wet granulation process have been reported in the
literature. Wong and Mitchell (2) found chlorpromazine hy-
drochloride converted from form II to form I via an interme-
diate hydrate phase during wet granulation in an ethanol:wa-
ter (80.5:22.9 v/v) mixture. Form II transformed to a hemihy-
drate and then dehydrated to form I following drying at 70°C
(2). Different forms of carbamazepine were found to convert
to the dihydrate following a wet granulation. Upon drying at
60°C, the dihydrate converted into form III (3). Finally, the
stable form A of fosinopril sodium was found to convert to
the metastable form B following rapid drying of an alcoholic
granulation (4).

Near-infrared (NIR) spectroscopy is a rapid, virtually

nondestructive technique that requires minimal sample
preparation. Absorption bands in the NIR arise from over-
tones or combinations from the vibrations in the mid-IR re-
gion and are 10–1000 times weaker than their fundamental
bands in the mid-IR. Because polymorphs differ in the man-
ner in which the molecules pack into the crystal lattice, they
typically exhibit differences in hydrogen bonding. Differences
in hydrogen bonding are observed as shifts in the fundamen-
tal bands in the mid-IR region and are readily observable as
both overtones and combinations or the fundamental vibra-
tions in the NIR. These differences in the NIR can then be
exploited for the quantitation of polymorphs. Luner et al. (5)
have shown accurate and precise quantitation of the crystal-
line forms of sulfamethoxazole, sulfathiazole, lactose, and
ampicillin. Additionally, small amounts (0–10%) of sulfa-
methoxazole form I in form II (5) and sulfathiazole form I in
form III (6) have been quantified using NIR. Patel, Luner,
and Kemper (7) have also shown NIR useful in detecting low
levels of polymorphs in multicomponent mixtures. They
showed NIR could be used to quantify polymorphs in the
range of 2–5%, even with significant levels of dilution with
lactose.

Glycine was the model compound chosen for this study.
Glycine may exist in three polymorphs: �, �, or � glycine
(8–11). �-Glycine is monotropically related to the � or � form
(12). The � form is stable at room temperature, but slowly
converts to the alpha form above 165°C (11,13). Near-
infrared spectroscopy has been used to distinguish between
the � and � forms of glycine (14). The glycine polymorphs
show differences in the C–H overtones and combination
bands, as well as differences in the N–H stretch, NH3

+ defor-
mation and COO− stretch, and will be discussed in detail in
the “Results and Discussion” section.

The hypothesis being tested is that the time scales for
both the processes of drying and solution-mediated conver-
sion of polymorphs will determine the final polymorphic
form.

MATERIALS AND METHODS

Materials

Glycine (Lot Nos. 7728 V16H16, 7728 V22478, 7728
T24473, 7728 N31476, 7728 V48472) was obtained from
Mallinkrodt (Paris, KY, USA). Microcrystalline cellulose
(PH 102, Lot No. 2521) was obtained from F.M.C. (Newark,
DE, USA).

Methods

Preparation and Characterization of Polymorphs

�-Glycine was obtained by re-crystallization of glycine as
received from Mallinkrodt in either double-distilled water at
twice the saturation solubility at 25°C or in 15% glacial acetic
acid and water. The glycine solution was heated to approxi-
mately 70°C to dissolve all of the glycine, and then slowly
cooled to room temperature without agitation. The resulting
crystals were collected via vacuum filtration, and then ball-
milled in a 4.5 L ceramic ball-mill with approximately 1 inch
diameter ceramic balls for at least 24 h (Paul O. Abbé, Inc.,
Little Falls, NJ, USA). The ground crystals were then sieved
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using a Ro-Tap (Model RX-29, W.S. Tyler, Mentor, OH,
USA), and only those crystals passing through the 90 �m
sieve were used. All �-glycine lots were blended together in a
16-quart twin shell V-blender, and the resulting blend was
used for the calibration samples and granulations. �-Glycine
was obtained by adding the as received glycine from Mallin-
krodt to double-distilled water at approximately twice the
saturation solubility at 25°C. The solution was then heated to
70°C in order to completely dissolve all of the glycine. This
saturated solution was then cooled to room temperature with
constant agitation, and the resulting crystals were collected by
vacuum filtration. Only crystals passing through a 90-�m
sieve were used.

Phase identification and purity of all polymorphs was
assessed using X-ray powder diffraction and comparison with
the calculated pattern. The calculated XRPD patterns were
generated using Cerius2 software from the corresponding
single-crystal structures obtained from the Cambridge
Structural Database (refcode: GLYCIN01 for gamma, and
GLYCIN04 for alpha).

Preparation of Calibration Samples

Physical mixtures of glycine polymorphs were prepared
by weight using a four-place analytical balance (Model AG
104, Mettler Toledo, Zurich, Switzerland). Calibration
samples prepared for the granulation calibration model were
diluted with 50% microcrystalline cellulose. For the glycine
composition, mixtures ranged from 0% to 15% �-glycine in
�-glycine (0–7.5% overall with 50% dilution in microcrystal-
line cellulose). All compositions are further denoted by the
percentage polymorph in the glycine portion. These samples
consisted of 0%, 2.5%, 5%, 7%, 10%, 12.5%, and 15% �-gly-
cine, with each percentage completed in triplicate. This per-
centage corresponds to the expected amount of polymorphic
transformation during drying. Physical mixtures of glycine
polymorphs undiluted with microcrystalline cellulose ranged
from 0% to 100% �-glycine in �-glycine in 10% intervals and
was also completed in triplicate. A total sample weight of 500
mg was used, and all samples were prepared by geometric
mixing of the sieved crystals. As �-glycine exists as bipyra-
mids and �-glycine exists as prisms (13), minimal segregation
of the crystals should occur upon mixing. The samples were
placed in one-dram screw-capped vials for NIR analysis.

Analytical Methods

Infrared spectra were acquired on a Magna-IR 860 Fou-
rier transform infrared (FT-IR) spectrophotometer (Madi-
son, Wisconsin) equipped with an Ever-Glo mid/far IR
source, an extended range potassium bromide (KBr) beam-
splitter, and a deuterated triglycine sulfate (DTGS) detector.
A diffuse reflectance accessory (the Collector, Thermo Spec-
tra-Tech) was used for sampling. Each spectrum represents
256 co-added scans collected at a spectral resolution of 4
cm−1. Sample preparation consisted of mixing with KBr or
analyzing as neat (as is), placing the sample into a 13-mm
diameter cup, and leveling the material with a frosted glass
slide. A background data set was acquired with an alignment
mirror in place or on a sample of KBr. A Log 1/R (R �
reflectance) spectrum was acquired by taking a ratio of these
two data sets against each other. For KBr-diluted samples, the

spectra were then converted to Kubelka-Munk units. Wave-
length calibration was performed using polystyrene.

Near-infrared spectra were collected for quantita-
tive measurement of polymorph content using a FOSS
NIRSystems Model 6500-II Rapid Content Analyzer (FOSS
NIRSystems, Silver Springs, MD, USA) over the wavelength
range of 1100–2500 nm. Each spectrum was collected using 32
co-added scans, and the spectra were analyzed using Vision
software (Version 2.51, FOSS NIRSystems, Inc.). Qualitative
analysis of polymorph content was completed with X-ray
powder diffraction using a Shimadzu XRD-6000 X-ray dif-
fractometer (Kratos Analytical, Chestnut Ridge, NJ, USA).
Diffraction patterns were collected using Cu K� radiation
over the range of 10°–40° 2�, at a rate of 4° 2� per minute with
a step size of 0.04° (40 kV, 40 mA). On-line measurement of
moisture content was determined using an MM55+ five wave-
length filtering near-infrared spectroscopy gauge (NDC-
Infrared Engineering, Irwindale, CA, USA) and calibrated
using off-line measurements of moisture content. Offline
measurement of moisture content was determined by loss on
drying measurements between 85 °C and 100°C, using a Mett-
ler Toledo LJ 16 moisture analyzer (Mettler Toledo Inc.).
Differential scanning calorimetry (DSC) was performed on a
TA instruments DSC analyzer (Model 2920, TA Instruments,
New Castle, DE, USA). The sample was placed in an open
aluminum pan under nitrogen purge (50 ml/min), with a heat-
ing rate of 10°C/min over the temperature range of 25–200°C.
The DSC was calibrated with zinc and indium.

NIRS Analysis

Standard normal variate (SNV) mathematical treatment
was applied to all spectra. The SNV transformation mean
centers each NIR spectra to correct for baseline shifts due to
particle size differences (15). The standard normal variation is
calculated at each wavelength using Eq. 1.

SNV�1−700� = �y�1−700� − y�����y�1−700� − y�2

n − 1
(1)

where SNV(1-700) are the individual standard normal varia-
tions for 700 wavelengths, y is the 700-wavelength log 1/R
values, and y is the mean of the 700-wavelength log 1/R val-
ues. The SNV transformed spectra were then further trans-
formed into the second derivative of the response. The sec-
ond derivative values were calculated using a second order
finite-difference method with a segment size of 10 and gap
size of 0. For this method, three segments at one end of the
spectrum each separated by a gap are identified. The average
absorbances are calculated for each segment (denoted as A,
B, and C), and the second derivative value, computed as A −
2B + C, is assigned to the midpoint of the second segment.
The segments and gaps are then shifted one data point, and
the calculations are repeated until a second derivative value
has been calculated for all of the data points in the spectrum.

A calibration model was constructed using a univariate
inverse least squares method, represented by

C = Bo + B1Ri (2)

where C is the concentration, Bo is the intercept of the re-
gression model, B1 is the slope of the regression model, and Ri

is the second derivative response at wavelength, �i. The cho-
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sen analytical wavelength for the calibration model was based
on interpretable differences in the NIR spectra, which also
gave a high correlation coefficient, sensitivity and accuracy.

For the samples diluted with 50% MCC, a univariate
inverse least squares calibration model was developed using
the SNV plus second derivative transformation at 2152 nm.
For the samples undiluted with MCC, a univariate inverse
least squares calibration model was developed using the sec-
ond derivative of the response plus SNV transformation at
2150 nm.

Solution-Mediated Conversion

The solution-mediated conversion of �-glycine to �-gly-
cine was measured under ambient conditions. For the solu-
tion-mediated conversion, �-glycine was added to a glycine-
saturated solution, and the resulting slurry was continuously
mixed. Slurries with 10% �-glycine seeds were also com-
pleted. Samples were taken at various time intervals, filtered
under vacuum using a büchner funnel, and then analyzed
quantitatively with NIR and qualitatively with XRPD.

Solubility

The equilibrium solubility of both �-glycine and �-gly-
cine in water at 23°C was determined in triplicate by UV
spectroscopy on a Cary 50 Bio UV-Vis Spectrophotometer
(Varian, Australia) at 205 nm. The excess solid was analyzed
with X-ray powder diffraction to ensure no transformation of
�-glycine to �-glycine had occurred during equilibration. No
transformation was observed (not shown). The equilibrium
solubility of �-glycine was found to be 227.4 ± 2 mg/ml,
whereas the equilibrium solubility of �-glycine was found to
be 234.7 ± 2 mg/ml. Because a solution-mediated transforma-
tion did not complicate the analysis of the metastable form,
this value is an accurate representation of the solubility.

Wet Granulations

Wet granulations were completed using 50% �-glycine
and 50% microcrystalline cellulose (MCC), with water as the
granulating liquid. All granulations were wetted to 38% w/w
moisture using a planetary mixer with paddle attachment
(model N-50, Hobart Corp., Troy, OH, USA). After wetting,
the wet mass was screened through a 12 mesh (1700 �m)
screen, and then either placed in the Uni-Glatt fluid bed dryer
(Glatt Air Products, Ramsey, NJ, USA) or spread out in an
approximately 1⁄4-inch to 1⁄2-inch layer on a 30 mesh (600 �m)
screen, and tray dried at 21°C in a controlled, low humidity
room (26–32% RH).

Fluid bed dried granulations were completed in triplicate
at either 60°C or 80°C, using an inlet air flap angle between
20° and 25° for proper fluidization. Once drying was initiated,
the fluid bed dryer was temporarily stopped every four min-
utes for sampling and offline analysis of polymorph content
and moisture content. Throughout the drying process, online
measurement of moisture content was also completed using
the MM55 plus near-infrared spectrometer. A load size of 650
g was used for all granulations fluid bed dried at 60°C and one
of the granulations fluid bed dried at 80°C. Two other granu-
lations fluid bed dried at 80°C were completed using approxi-
mately 450 g of re-granulated material. A load size of 200 g
was used for all tray-dried granulations. Continuous measure-

ment of moisture content was also completed for the tray-
dried granulations using the MM55 plus near-infrared spec-
trometer. Samples were also taken at various time intervals
for offline analysis of both polymorph content and moisture
content.

Prior to NIR analysis, all granulated samples were
ground using an agate mortar and pestle, and approximately
500 mg of the ground material was then placed into a one-
dram screw-capped vial. Because changes in particle size can
shift the baseline of a NIR spectrum and decrease the pre-
dictive ability of the model, a study was completed to deter-
mine the best mathematical pretreatment for reducing par-
ticle size differences. In this study, a sample of the granulation
was successively ground and re-analyzed. The mathematical
pretreatment consistently giving the lowest variation was the
SNV followed by the second derivative and was therefore
used for the analysis of the granulated material. Loss on dry-
ing measurements for offline analysis of moisture content was
completed using approximately 2–3 g of material.

RESULTS AND DISCUSSION

NIR Calibration Model

The glycine polymorphs have distinctly different NIR
spectra (Fig. 1). The broad inflection points observed at ap-
proximately 1270 nm, 1600 nm, and 2050 nm are a result of
bands from hydrogen-bonded N–H groups (14). The sharp
peak observed for both forms of glycine around 1165 nm is
due to the second overtone of the CH2 stretch. NIR peaks
observed in the 1660–1800 nm region, and between 2250 and
2450 nm are due to both combinations and overtones from
CH2 stretching. The distinct NIR band at approximately 2150
nm for �-glycine is a result of the differences in the crystal
structures between � and �-glycine (Fig. 2). Both crystal
forms of glycine are composed of the zwitterionic glycine mol-
ecules. The intermolecular interaction responsible for stabi-
lizing the crystal lattice are primarily N–H—O hydrogen
bonds between ammonium nitrogens and carboxylate oxy-
gens. In �-glycine, all of the hydrogen bonds are linear, while
in �-glycine, two hydrogens bond are linear and the third is
bifurcated, or split between two hydrogen bond accepting
carboxylate oxygens (14). The bifurcated hydrogen bond for
�-glycine (HA3) is weaker than the corresponding hydrogen
bond for �-glycine (HG3), as evidenced by the longer hydro-

Fig. 1. Near-infrared reflectance spectra of �-glycine and �-glycine.
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gen bond lengths (2.399 Å and 2.180 Å for �-glycine and 1.947
Å for �-glycine) and the differences in hydrogen bond angles
(i.e., the more linear the hydrogen bond, in general, the stron-
ger it is) (16). The weaker hydrogen bond attenuates the N–H
stretching vibration less than the stronger bond. This has the
effect of shifting the fundamental mid-IR frequency less so it
appears at higher wavenumbers than in a strong hydrogen
bond (i.e., more like the vapor state frequency).

As a result of the hydrogen bonding differences, the fun-
damental N–H stretch for �-glycine occurs at 3145 cm−1,
whereas the fundamental N–H stretch for �-glycine occurs at
3120 cm−1. The unique NIR peak for �-glycine at approxi-
mately 2147 nm (4658 cm−1) is a combination band for the
N–H stretch from the bifurcated hydrogen bond at 3145 cm−1

and NH3
+ deformation at 1506 cm−1 (14). See Fig. 3 for the

mid-IR spectra of both polymorphs.
When a diluent, such as microcrystalline cellulose is

added to each form, it provides a background that also con-
tributes to the spectral response. This is a result of the radia-
tion being absorbed both by microcrystalline cellulose and
glycine, with the remaining radiation being reflected and/or
scattered. Nonetheless, the underlying features of each poly-
morph are retained and amplified by taking the second de-
rivative of the NIR spectra (Fig. 4). As seen in Fig. 4, a dis-
tinct band for �-glycine centered at approximately 2152 nm is
prominent in the second derivative spectra. The second de-
rivative of NIR spectra is often used to resolve broad, over-
lapping peaks, and normalizes baseline shifts (17,18).

In a granulation, the drug substance and excipients un-

dergo a particle size enlargement. However, all of the cali-
bration samples used material less than 90 �m. In order to
minimize the effects of particle size differences, all granulated
samples were ground using an agate mortar and pestle. Be-
cause the particle size may still vary from sample to sample,
the standard normal variate (SNV) (15), followed by calcu-
lating the second derivative was used to further minimize
particle size differences. This mathematical pretreatment has
previously been shown to give a high correlation coefficient
and low standard error of calibration for a quantitative NIR
assay (19).

A univariate inverse least squares calibration model us-
ing the SNV transformation followed by the calculation of the
second derivative at 2152 nm was completed for the calibra-
tion samples. This model gave an R2 value of 0.9920 and a
standard error of calibration (SEC) of 0.4730. The SEC sta-
tistic is the standard deviation for the residuals between the
actual and predicted values of the calibration samples. It can
be calculated using Eq. 3.

SEC =� 1
NT − n − 1 �

i=1

NT

�Ci − C i��
2�

1

2
(3)

where NT is the number of samples in the calibration set, and
n is the number of absorbance terms used in the regression
model, Ci is the concentration of the analyte in the ith sample
as calculated by the regression model, and Ci� is the true ana-
lyte concentration for the ith sample. Ideally, calibration
models should have a large R2 value and small SEC value
(20).

A separate calibration model was also developed for �
and �-glycine without MCC. This model was developed to
quantify the content of �-glycine during a solution-mediated
conversion. A univariate inverse least squares calibration
model was developed using the second derivative plus SNV
transformation at 2150 nm. The chosen analytical wavelength
for the calibration model was based on observable and inter-
pretable differences in the NIR spectra, which also gave a
high correlation coefficient, sensitivity, and accuracy. The
model gave an R2 of 0.9955 and a SEC of 2.19. Because this
model covers a wide range of composition (0–100% �-gly-
cine), a larger SEC would be expected for this model than for
the model with MCC.

Fig. 2. Crystal structure for �-glycine (left) and �-glycine (right).

Fig. 3. Mid-IR spectra for � and �-glycine.

Fig. 4. The second derivative spectra for � and �-glycine diluted with
50% microcrystalline cellulose.
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Wet Granulations

Assuming the temperature and pressure of the wetting
process leave the polymorph within the stable region of the
pressure-temperature phase diagram, the conversion of a
stable to metastable form would not be expected to occur
during the wetting phase of a wet granulation. However, after
wetting, the amount of material in solution may be trapped as
the metastable form. A conceptual model for transformations
during drying is shown in Fig. 5. The stable form will go into
solution at a rate proportional to its equilibrium solubility and
its dissolution rate constant, kDSIII. The solubility of the
stable phase and the volume of the granulating solvent will
determine the maximum amount of stable polymorph dis-
solved, and hence the maximum amount of metastable poly-
morph that may be trapped upon drying. After wetting, the
material will be dried with a drying rate constant, kDRY. If the
drying rate is much faster than the solution mediated conver-
sion of the metastable to stable form, the metastable poly-
morph may crystallize as drying progresses. In other words, if
kDRY is much faster than kDSI and kG, the metastable form
will persist or be trapped upon drying. Additionally, the
model assumes the excipients will provide a large number of
sites for heterogeneous nucleation, thereby favoring rapid
nucleation of the metastable form.

The maximum theoretical percent transformation of the
metastable form can be calculated using

theoretical alpha % =
V ∗ 48 ∗ Cs

M
(4)

where V is the volume of granulating liquid, Cs is the solubil-
ity of the stable form, and M is the mass of the stable form.
From Eq. 4, the maximum theoretical percent �-glycine is
calculated to be 13.6%. As seen in Eq. 4, it is assumed that
48% of the volume of granulating solution is available for the
dissolution of �-glycine. This quantity was experimentally de-
termined by calculating the moisture content corresponding
to the end of the heat transfer (evaporative) stage of drying,
as this moisture amount should represent the “free” water on
the surface of a granule. To determine the percentage of free
water at the end of the heat transfer stage of drying, a loss on
drying balance was used to obtain drying curves for three
wetted samples of MCC. The point at which the drying pro-
cess changes from linear to exponential (evaporative to dif-
fusion limited) can be found by using a point-by-point linear
regression on the appropriate equation until the correlation
coefficient starts to decrease. From the point-by-point regres-
sion, the percentage free water was found to be 47.96 ± 1.8%.

The moisture and polymorph content of granulations
dried in the fluid bed dryer are shown in Fig. 6. As the granu-
lations dried, the �-glycine content rapidly increased and then
remained fairly constant as drying progressed. This is also
observed in the X-ray powder diffraction patterns run at each
sampling interval throughout the drying process (not shown).

Because NIR readily detects combination and overtones
of OH stretching and bending vibrations of water molecules,
the NIR spectrum of the wet granules (greater than 3% mois-
ture content) displayed large, broad bands that interfered
with the calculation of �-glycine polymorph content. This is
evident by the large standard deviations seen in the wetted
material. Therefore, analysis of polymorph content primarily
focused on samples that contained less than 3% moisture
content. From the fluid bed drying curve of the granulations
at 80°C, the granules contain less than 3% moisture after
approximately 12 min drying. Because fluid bed drying at
60°C is slower than at 80°C, the granulations dried at 60°C do
not reach less than 3% moisture until approximately 16 min
drying. The faster drying process also results in more �-gly-
cine being trapped upon drying, with the content of the gran-
ules at 80°C exhibiting at least 2% more conversion than
those dried at 60°C. The granules fluid bed dried at 80°C are
distributed around 9.2% �-glycine content, while those dried
at 60°C are scattered around 6.9% �-glycine.

The �-glycine content for the granules dried at 80°C,
trends downward as the drying progresses. Because minimal
water is present in the granules after the evaporative drying
phase (less than 3%), a solution-mediated conversion would
not be expected to occur. Additionally, this trend was not
observed for the granules fluid bed dried at 60°C. DSC was
run to determine if this phenomenon was due to a solid-solid
conversion of � to �-glycine. No endothermic or exothermic
event was observed, indicating no solid-solid conversion.
Therefore, the slight downward trend is likely due to error,
such as sampling error.

Figure 7 shows the moisture and �-glycine content of the
granules tray dried at room temperature. Just as with the fluid
bed dried granules, to avoid error associated with large
amounts of water content, the analysis of polymorph content
focused on samples that contained less than 3% moisture
content. Once dried, the �-glycine content is distributed
around 0.9%. Thus, significantly less �-glycine is trapped af-
ter tray drying than after fluid bed drying.

Because fluid bed drying suspends and agitates material
in a warm air stream, it is a more rapid drying process than
tray drying. It is therefore expected that the granulating fluid
would evaporate faster during fluid bed drying, resulting in a
greater supersaturation of any dissolved material with respect
to the metastable form, and a larger thermodynamic driving

Fig. 5. Conceptual model for phase transformations during the dry-
ing phase of wet granulation.

Fig. 6. Measured �-glycine percentage and moisture content for
granulations fluid bed dried at 60°C and 80°C (error bars were de-
termined from three repetitions).
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force for the nucleation and crystallization of the metastable
�-glycine. The relatively small difference in the solubilities of
� and �-glycine (234.7 ± 2 mg/ml and 227.4 ± 2 mg/ml, re-
spectively), enable the solution to readily become supersatu-
rated with respect to the �-form. During tray drying, an air
stream also flows over the material. However, the material is
not fluidized and consequently the drying process takes
longer. The dissolved material is therefore expected to be less
supersaturated with respect to either form, resulting in a
smaller driving force for the crystallization of �-glycine. How-
ever, once crystallized, the �-glycine may convert to the more
stable �-glycine by a solution-mediated conversion, if given
sufficient time in the granulating solvent. In other words, the
balance between the drying rate and the rate of the solution-
mediated conversion will determine the overall amount of
�-glycine trapped after drying.

However, the solution mediated conversion rate is ex-
tremely slow for �-glycine, with slurries displaying no poly-
morph conversion during the time period of a drying cycle
(less than 2 days), and one slurry showing no conversion after
a month. Slurries with 10% �-glycine seeds also occurred
quite slowly. These slurries showed no conversion during the
time frame of a drying cycle, and incomplete conversion until
after 3 weeks. Because the solution-mediated conversion of �
to �-glycine is much longer than a drying cycle, any �-glycine
trapped during drying will not convert to �-glycine by a so-
lution mediated process. Thus, the drying rate will determine
the overall amount of metastable polymorph crystallized after
drying.

CONCLUSIONS

The stable �-glycine polymorph wet granulated with mi-
crocrystalline cellulose, and using water as the granulating
solvent, displayed kinetic trapping of the metastable �-glycine
after rapid drying in a fluid bed dryer. Slower drying tech-
niques, such as tray drying, resulted in significantly less for-
mation of �-glycine. The amount of polymorphic form was
calculated using a NIR calibration model, which was shown to
detect and quantify low levels of polymorph content. These
results were further verified qualitatively using X-ray powder
diffraction.

The total amount of �-glycine crystallized after drying is
a combination of both the drying rate and the rate of the
solution-mediated conversion of the metastable to stable
form. Glycine was shown to have a very slow solution-

mediated conversion, even in the presence of �-glycine seeds.
No conversion to the stable form occurred during the time
frame of a typical drying cycle. Therefore, the drying rate
determined the overall polymorph content. The faster the
granulation was dried, the more rapid the increase in super-
saturation with respect to the metastable form, and the
greater thermodynamic driving force for the nucleation and
crystallization of the metastable form. This was demonstrated
by the significantly different polymorph contents from each
drying condition. The granulations rapidly dried by fluidized
bed drying resulted in more crystallization of �-glycine than
the granulations that were tray dried. Additionally, the faster
the fluidized bed granulations were dried, the more �-glycine
crystallized.

The model assumes that only the metastable form nucle-
ates and that the solution mediated conversion drives the
appearance of �-glycine. However, the rate of the solution-
mediated conversion has shown to be insufficient, in conjunc-
tion with the model, to explain the observed appearance of
�-glycine at the various drying temperatures or supersatura-
tion levels. The percentage of conversion can be predicted by
plotting the percent conversion vs. the drying temperature.
(The drying temperature will determine the overall level of
supersaturation with respect to the metastable form.) This
can be expressed in terms of the maximum theoretical con-
version, based on the complete conversion of the material in
solution, and the drying temperature by the following equa-
tion:

Actual Conversion = Maximum Conversion × �1 − k�T�� (5)

where k(T) represents the difference between the maximum
and actual conversion amounts as a fraction of the maximum.
This generalized form potentially allows the prediction of the
percent conversion by knowing the maximum theoretical con-
version and k(T).

Because polymorphs exhibit differences in chemical and
physical stability, as well as mechanical and processing char-
acteristics, polymorphic transformations during processes
such as drying represent a significant impact for the pharma-
ceutical industry. However, by using advanced monitoring
techniques, such as NIR, while also knowing basic properties
of the drug substance (solubility of the polymorphic forms
and the rate of the solution mediated conversion), processing
conditions, such as the drying rate, can be adjusted to circum-
vent potential polymorphic disasters.
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