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ABSTRACT: This study was designed to investigate the relationships between the solid-
state chemical instability and physical characteristics of a model drug, quinapril hy-
drochloride (QHC), in the amorphous state. Amorphous QHCI samples were prepared
by rapid evaporation from dichloromethane solution and by grinding and subsequent
heating of the crystalline form. Physical characteristics, including the glass transition
temperature and molecular mobility, were determined using differential scanning calo-
rimetry, thermogravimetric analysis, powder x-ray diffractometry, polarizing micros-
copy, scanning electron microscopy, and infrared spectroscopy. The amorphous form of
QHCI, produced by both methods, has a T, of 91°C. Isothermal degradation studies
showed that cyclization of QHCI occurred at the same rate for amorphous samples
prepared by the two methods. The activation energy was determined to be 30 to 35
kcal/mol. The rate of the reaction was shown to be affected by sample weight, dilution
through mixing with another solid, and by altering the pressure above the sample. The
temperature dependence for chemical reactivity below T, correlated very closely with
the temperature dependence of molecular mobility. Above T,, however, the reaction was
considerably slower than predicted from molecular mobility. From an analysis of all
data, it appears that agglomeration and sintering of particles caused by softening of the
solid, particularly above T,, and a resulting reduction of the particle surface/volume
ratio play a major role in affecting the reaction rate by decreasing the rate of removal
of the gaseous HCI product. © 2000 Wiley-Liss, Inc. and the American Pharmaceutical Asso-
ciation J Pharm Sci 89: 128-143, 2000

INTRODUCTION

It has been proposed previously’? that all chemi-
cal reactions in the solid state involve a number of
steps that serve as activational barriers and,
hence, influence the overall reactivity. These in-
clude the chemical activational energy associated
with the reaction, the activational energy associ-
ated with mass transport or molecular mobility,
and an activational barrier associated with nucle-
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ation of any new solid phase that might occur. For
most pharmaceutical degradation reactions, be-
cause of the importance of molecular mobility, re-
action rates are greatest in the liquid or solution
states and least in the crystalline state, with in-
termediate rates occurring in the amorphous
state.3® Because processing of crystalline mate-
rials often leads to disorder and the introduction
of fully or partially amorphous states, it would
seem important to be able to link the properties of
drugs in such disordered states (e.g., time scales
of molecular mobility) to the time scales observed
for chemical degradation.®

In this article we report a study of the chemical
degradation of quinapril hydrochloride (QHCI) in
the amorphous state as a function of temperature
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and other sample-related variables. This com-
pound represents a model molecule for both an-
giotensin-converting enzyme (ACE) inhibitors
and a large number of HCI salt form pharmaceu-
ticals in the solid state. In previous studies with
quinapril HC1,” it has been shown that the major
degradation pathway in the solid state is intra-
molecular cyclization (aminolysis) with the for-
mation of a diketopiperazine (DKP) compound
(Scheme 1) similar to those observed for other
structurally related ACE inhibitors, such as mo-
exipril® and enalapril.® This type of cyclization
reaction also occurs readily in some polypep-
tides'®'? and proteins.'®> A mechanistic under-
standing of this reaction in the solid state could be
useful in a better comprehension of their stability
and the synthesis of certain types of peptides.!*
Our major goal is to prepare and characterize the
amorphous form of quinapril HCI and to ascertain
as quantitatively as possible the extent to which
the chemical reaction is affected by its amorphous
characteristics through effects on molecular mo-
bility and/or other physical properties.

MATERIALS AND METHODS
Materials

Quirapril hydrochloride, QHCI1, [3S-
[2[R*(R*)],3R*]]-2-[2-[[1-(ethoxycarbonyl)-
3-phenylpropyllamino]-1-oxopropyl]-1,2,3,4-
tetrahydro-3-isoquinolinecarboxylic acid, hydro-
chloride, was a gift from the Chemical Processing
Division of the Warner-Lambert Co. (Holland,
MI). Crystalline quinapril HCI, as the acetoni-
trile solvate (QHCI-CH;CN), was prepared by
recrystallization from acetonitrile.'® Powder x-
ray diffraction studies (PXRD) gave the same dif-
fraction pattern as reported previously.” The
major degradation product, quinapril diketopi-
perazine (DKP, mp = 121-123°C), [3S-[2(R*),3q,
11-«p]1-1,3,4,6,11,11a-hexahydro-3-methyl-1,4-
dioxo-a-(2-phenylethyl)-2H-pyrazino[1,2-b]iso-
quinoline-2-acetic acid, ethyl ester, and quinapril
diacid (DA, mp = 166-168°C), [3S-[2[R*(R*)],
3R*]]-2-[2-[[(1-carboxy)-3-phenylpropyl]amino]-1-
oxopropyl]-1,2,3,4-tetrahydro-3-isoquinolinecarbox-
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ylic acid, were prepared according to literature
methods.'® Trifluoroacetic acid (99+%, spectropho-
tometric grade), dichloromethane (99.8% anhy-
drous), and FT-IR grade potassium bromide (99+%)
were purchased from Aldrich Chemical Co, Inc.
(Milwaukee, WI). Analytical reagent grade potas-
sium chloride (99.85%) was obtained from
Mallinckrodt Specialty Chemicals Co. (Paris, KY).
Both potassium halides used for the infrared spec-
troscopic measurements were dried under vacuum
in a desiccator with P,O5 before use. Water was
purified by a SYBRONBarnstead pressure car-
tridge system (PCS) (Boston, MA). High-perfor-
mance liquid chromatography (HPLC) grade aceto-
nitrile and methanol were purchased from EM
Scientific (Gibbstown, NJ). All chemicals were
used without further purification, unless otherwise
specified.

Untreated glass beads and siliconized glass
beads were obtained from the Ferro Corporation/
Cataphote Division (Jackson, MS), with particle
diameters in the range of 88 to 125 pm. They were
specified by the manufacturer to contain no more
than 15% irregularly shaped particles. The den-
sities of both glass beads were determined by pyc-
nometric measurement to be 2.47 g/cm?. The sili-
conized beads, with a surface covered by methyl
groups, were shown to be completely nonwetted
by water, whereas the untreated beads were com-
pletely wetted.!” Amorphous trehalose (Ty =
115°C) was prepared from D(+)(trehalose dihydrate
(Sigma Chemical Co., St. Louis, MO) by lyophili-
zation using a previously reported method.®

Preparation of Amorphous QHCI by Grinding of
Crystalline QHCI-CH,;CN

The crystalline sample of acetonitrile solvate was
ground for 10 min using a heavy-duty laboratory
Wig-L-Bug (WIG-3110-3A) electric motor grinder
(Spectra-Tech Inc., Stamford, CT) equipped with
a timer, a fan-cooled motor, and an adapter for a
stainless steel vial (Y2-inch diameter x 1 inch
long) with a V4-inch diameter stainless steel ball.
During grinding, the Wig-L-Bug has a reciprocat-
ing figure-8 action through a 6%° arc at 3200
RPM; the stainless steel ball thus strikes the ends
of the vial some 200 times in 1 second. After
grinding, the sample was dried in a Precision Sci-
entific Model 19 laboratory vacuum oven (Chi-
cago, IL) at 45°C (0.5 Torr) for 24 hours.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 89, NO. 1, JANUARY 2000



130 GUO, BYRN, AND ZOGRAFI

Preparation of Amorphous QHCI by
Solvent Evaporation

QHCI was dissolved in a minimum amount of
CH,Cl, required to form a clear solution. The sol-
vent was then removed in a rotary evaporator un-
der vacuum at [B0°C, and the residue was dried
in a desiccator containing P,O5 under vacuum.
After being ground for 10 seconds using the pre-
viously described Wig-L-Bug electric motor
grinder, the sample was dried further in a
vacuum oven at 45°C for 24 hours as already de-
scribed.

Samples prepared by both methods were deter-
mined to be completely amorphous using PXRD
(described later) and by the absence of birefrin-
gence under polarized light with an Olympus
BH-2 optical microscope (Olympus Optical Co.,
LTD, Tokyo, Japan). The water content of the
various samples was determined with an EM Sci-
ence Aquastar C200 titrator (Cherry Hill, NJ) and
found to be less than 0.1% (w/w) in all cases using
a minimum of three individual samples.

Powder X-Ray Diffractometry

The powder x-ray diffraction patterns of various
solid samples were determined at ambient tem-
perature using a Scintag PadV powder x-ray dif-
fractometer (Scintag Inc., Santa Clara, CA) at 40
mA and 35 kV with Cu Ka radiation. Counts were
measured with a scintillation counter. Samples
(00.5-mm thickness) were packed onto a piece of
double-sided cellophane tape on a quartz holder.
The samples were scanned, with the diffraction
angle, 260, increasing from 5 to 40°, with a step
size of 0.02° and a counting time of 1 second.

High-Performance Liquid Chromatography

A Thermoseparation Products HPLC system
(Spectra-Physics Analytical, Fremont, CA) was
used to separate and identify quinapril and its
degradation products. It consisted of a Spectra
SYSTEM P1000 pump, a Spectra SYSTEM
UV1000 detector, and a Chemdet integrator. An
Altex Ultrasphere-ODS reverse phase column
(4.6 mm ID x 25 cm, Alltech, Deerfield, IL) and an
ODS guard column cartridge (2.0 mm ID x 1 cm,
Upchurch Scientific, Oak Harbor, WA) were used.
The mobile phase consisted of a mixture of aceto-
nitrile in water (50% v/v) with an additional 0.1%
(v/v) trifluoroacetic acid. The flow rate was 1.0
ml/min, and the detection wavelength was 220
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nm. Quantitative analysis is based on the re-
sponse factors of peak areas relative to those ob-
tained by measuring authentic pure samples.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) curves were
obtained with a Netzsch Thermo-Microbalance
TG 209 and TASC 414/3 temperature control and
data acquisition system (NETZSCH Instruments
Incorporated, Stamford, CT) controlled by a PC
with NETZSCH TA software for data acquisition
and analysis. Temperature was calibrated by the
Curie point temperature of Ni (627 K). All TGA
runs were performed in an open Al,O5 crucible
(85 pl) with purge and protective nitrogen gas
flow at 25 and 30 ml/min, respectively. All non-
isothermal TGA experiments were performed at a
heating rate of 10 K/min using 5 to 10 mg per
sample.

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) ther-
mograms for various systems were determined
using a Seiko I SSC/5200 differential scanning
calorimeter (Seiko Instruments, Horsham, PA)
equipped with a Hewlett Packard Model 712/60
data station. Dry nitrogen was used as the purge
gas (85 ml/min) and liquid nitrogen as the cool-
ant. High-purity indium, gallium, and biphenyl
were used for temperature and enthalpy calibra-
tion at different heating rates. Samples (5-10 mg)
in nonhermetically crimped aluminum pans with
a pinhole in the lid were heated at 5 to 30 K/min.
The glass transition temperature was determined
by constructing tangents to the DSC curve base-
lines before and after the glass transition. The
intersection of these tangents to the tangent at
the inflection point gives the extrapolated onset
and endpoint temperatures. The onset of these
temperatures is reported as the glass transition
temperature. All reported values are the average
of at least three independent measurements.

FT-IR Spectra

FT-IR spectra were obtained with a Galaxy Series
FT-IR 5000 spectrophotometer made by ATI
Mattson (Madison, WI). The IR spectrometer was
controlled by a PC with WinFIRST-Fourier Infra-
red software for data acquisition and analysis.
KCI and KBr pellets of solid samples were pre-
pared with a mini-press without any extra grind-



ing. The weight ratio of KCl or KBr to drug was
about 100.

Scanning Electron Microscopy

The surface morphology of various amorphous
drug samples was investigated using a LEO scan-
ning electron microscope (LEO Elektronenmik-
roskopie GmbH, D-73446 Oberkochen, Germany).
The dry powder was mounted onto metal stubs
using a piece of double-sided conductive adhesive
tape and vacuum-coated with a platinum film us-
ing a Desk II cold sputter/etch unit (Denton
Vacuum, Inc., Cherry Hill, NJ).

Solid-State Stability

The solid-state thermal degradation of QHCI was
studied by placing samples of known weight (0.5—
15 mg) into open 2-ml glass vials, which were
then placed into a desiccator containing P,O; to
maintain dryness. A Fisher Scientific Isotemp®
Preminum Oven (Model 750G) was used to main-
tain constant temperature. The sample tempera-
ture was monitored using an Omega microproces-
sor thermometer (Model HH23) with a type-K
thermocouple in direct contact with the solid
sample. Samples were selected at different time
intervals and dissolved in methanol before carry-
ing out the HPLC assay. Besides the major cy-
clization product (DKP), the appearance of
quinapril diacid (DA), the ethyl ester hydrolysis
product, was also followed by HPLC analysis and
shown to be very limited (i.e., a maximum of 5% of
DKP product over the same period for which the
cyclization reaction was followed). Consequently,
the focus of this study and the discussion that
follows will be on the cyclization reaction. All data
analysis and curve fitting were carried out using
Microcal Origin™ Version 4.1 Microcal Software
Inc. (Northampton, MA).

RESULTS
Solid-State Characteristics

Thermogravimetric Analysis of Crystalline
Quinapril HC1

Crystalline QHCI-CH;CN was studied by TGA
and compared with ground samples and samples
heated under vacuum (Fig. 1). The first weight
loss from the original crystalline sample confirms
the presence of the stoichiometric acetonitrile sol-
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Figure 1. TGA curves of a crystalline QHCI-CH;CN

sample (dotted line), after grinding for 10 min (dashed

line) and a sample after heating at 60°C under vacuum

for 3 hours (solid line). Inset contains the plot of loss of

acetonitrile in QHCI-CH;CN versus grinding time as
described in the text.

vate. The reduced first stage of weight loss for the
ground samples and preheated samples indicates
partial to total desolvation during those pro-
cesses. From the crystalline structure of QHCI-
CH,CN, the acetonitrile molecules loosely occupy
lattice channels without direct interaction with
adjacent units.'® Thus, the initial loss of solvent
at 60°C, well below the boiling point of acetoni-
trile (82°C), is understandable. When the particle
size was further reduced to 1 to 10 wm during
grinding, the temperature for initial release of
acetonitrile was lowered to about 50°C. The
gradual decrease of the acetonitrile content by
grinding the crystalline solvate (Fig. 1 inset) was
qualitatively correlated to a decreased intensity
of the CN absorption peak near 2200 cm™' when
the process was also followed using FT-IR mea-
surements. The second weight loss from 150°C to
200°C, which was identical in all samples, corre-
sponds to a weight change expected for the cy-
clization reaction and the stoichiometric loss of
HCI and water (11.5% from theoretical calcula-
tions, see Scheme 1). The nearly quantitative
transformation from QHCI to DKP under these
conditions was further supported by HPLC assay
and the absence of C17, as determined by titration
with silver nitrate solution.

Formation of Amorphous Quinapril Hydrochloride

Two methods were used to prepare the amor-
phous form of QHCI in this study. Grinding of the
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crystal represents the change from a highly or-
dered system to a disordered system, whereas sol-
vent evaporation represents the change from a
more disordered solution to a less disordered
amorphous solid. Both methods gave purely
amorphous samples as characterized by a PXRD
amorphous halo pattern centered around 20° 26
and by optical microscopic examination under po-
larized light.

The formation of amorphous QHCI from grind-
ing of the acetonitrile solvate crystal and subse-
quent desolvation was monitored by PXRD (Fig.
2) to qualitatively show the gradual transition
from the crystalline form to the amorphous form.
The intensities of the crystalline peaks of QHCI-
CH;CN decreased with an increase in grinding
time, and a halo pattern of the typical amorphous
form was observed after 5 minutes of grinding.

The DSC study of the two amorphous QHCI
samples exhibited similar glass transitions and
heat capacity changes at T, (Table I). Figure 3
shows a plot of scanning rates used to measure T,
versus the glass transition temperature observed
for the amorphous QHCI sample prepared by sol-
vent evaporation. From the slope of the curve, it is
possible to evaluate the fragility and related pa-
rameters of an amorphous sample.?%2!

FT-IR Evaluation

It is apparent from the previous results that the
crystalline QHCI acetonitrile solvate is easily con-
verted to the amorphous state via grinding and
desolvation. In the crystal structure,'® quinapril
molecules are linked by hydrogen bonds between
the amine and the carboxylic acid groups and by
chloride ion bridges (Scheme 2). Because these
groups might be expected to be affected by the
process leading to the amorphous state, FT-IR
spectra for QHCI were followed during the vari-
ous processes used to cause the formation of the
amorphous state. The KCI pellet was used be-
cause small shifts for some absorption peaks were
observed during the preliminary study when the
KBr pellet was used. This kind of solid-state
anomaly in IR spectra has been reported previ-
ously?? and is probably related to metathetical
exchange of the halide anions between the com-
pound (CI7) and the matrix (Br™). Two regions in
the FT-IR spectra were especially sensitive to the
processing of QHCI, in that they exhibited a sig-
nificant systematic shift during the amorphiza-
tion process. One, as shown in Table II, was the
carbonyl functional group region (1600-1800
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Figure 2. PXRD patterns of samples obtained from
grinding of crystalline QHCI-CH;CN for different time
intervals (a) and samples with additional desolvation
at 45°C for 24 hours in a vacuum oven after grinding

(b).

cm™1). The 1700 to 1750 cm™! bands represent the
overlap of the ester and carboxylic acid C=0
stretching vibrations, the change of which is the
result of the combination of the weakening or
breaking of the hydrogen bonds between the am-
monium hydrogen and the neighboring molecule’s
carboxylic acid oxygen (H,...O%), as well as pos-
sible intramolecular hydrogen bond formation be-
tween the ester group and some of those freed
H-donor groups (see Scheme 2). The band shift
near 1600 cm™! is attributed to the nonplanar
conformation change of the amide bond. The two
peaks in the second region at 700 to 800 cm™! are
due to the overlap of out-of-plane aromatic C-H



Table I. DSC Glass Transition Parameters of Two
Amorphous Quinapril HC1 Samples Prepared by
Different Procedures Obtained at a Scanning Rate
of 20°C/min

Crystal Solvent
Grinding Evaporation
Tg(onset) (OC) 91.3 91.7
AC, JK'g™) 0.41 0.40

bend or wag vibrations from the mono-
substituted and 1,2-substituted benzene rings.?
After grinding of the crystal for 5 minutes, the
two absorption bands at 756 and 709 cm™! shifted
to 748 and 701 cm™, respectively.

Chemical Degradation of Amorphous
Quinapril HCI

Preliminary Studies

To evaluate whether the major cyclization reac-
tion being studied takes place in only an amor-
phous phase, with the absence of any crystalline
forms of either reactant or products that could
influence the reaction mechanism, amorphous
QHCI was heated at 80°C in a desiccator contain-
ing P,O5. As shown in Figure 4, after 50% decom-
position of amorphous QHCI, the PXRD pattern
was still mainly amorphous with only a barely
perceptible amount of crystal formation, crystal-
lographically identical to DKP crystal. There

4.5~
- 08
l . £
4-0_ ;-0,9
é -1.2
] . 5
E 3_5— '.- % 1.5
£ 1.8 80 80 100 120
2 3.01 — Temperature (°C)
E
£ 2.5+
] L L
2.0
1.5 -
270 272 274 276 2.78 2.80 2.82
1000/T (K™

Figure 3. Plot of the natural logarithm of DSC scan-
ning rate (q, K/min) versus the reciprocal of the glass
transition temperature for amorphous QHCI samples
obtained by solvent evaporation. Inset shows the ther-
mal events associated with a typical glass transition.
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were no detectable diffraction peaks caused by
any other materials. The amorphous nature of the
reaction system over the conditions reported later
was also verified at other decomposition tempera-
tures. In all subsequent analyses, we only report
kinetic results over the first 15 to 25% of degra-
dation, where the reaction takes place in a one-
phase amorphous solid state and is not influenced
by any phase transformations. Over this time pe-
riod it was not possible to establish whether the
reaction was first-order or zero-order with respect
to the amount of QHCI] remaining. We have ex-
pressed the reaction in terms of a first-order rate
constant in all cases to coincide with its degrada-
tion reaction in solution where the first-order
kinetics are more obvious. When amorphous
samples prepared by grinding were compared
with those made by solvent evaporation, chemical
reaction rates were essentially the same in all
cases.

Chemical Degradation as a Function of
Sample Mass

In Figure 5 we show the rate constants of the
cyclization reaction of amorphous QHCI samples
under the atmosphere created in the closed des-
iccator containing P,0; at 80°C. The initial
weights of these samples ranged from 0.5 to 15
mg, with particle size in the range of 1 to 10 pm.
There is a distinct effect of initial weight of
samples, the smaller the initial weight the faster
the rate of degradation. Included in the inset of
Figure 5 are data for the same samples stored at
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Table II.
the Amorphous State

The FT-IR Shift of Carbonyl Groups in Quinapril HCl with the Formation of

(CO,R, CO,H) 1700 cm™!

(CONR,) 1600 cm™*

QHCI-CH,CN crystal
Grinding crystal 10 s
Grinding crystal 1 min
Grinding crystal 2 min
Grinding crystal 5 min
Grinding, totally amorphous

Solvent evaporation, totally amorphous

I I
(45.3) (01.9)

(44!3) (04!8)
(41!4)
(40!4)
(40!4)
(39!5)

I
(39.5)

I
(46.9)

(4€|5.9)
(47|.9)
(48|.8)
s
(5:{.7)

I
(561.7)

80°C, but where a vacuum of about 1 torr was
applied to the desiccator. Note the roughly dou-
bling (100% change) of the reaction rate going
from 15 to 0.5 mg under a dry atmosphere of the
closed desiccator, whereas under vacuum at com-
parable weights the reaction is considerably
faster and the change in reaction rate from 15 to
0.5 mg initial weight is significantly less (less
than 40%).

Because the cyclization reaction produces two
gaseous products, HCI and water, we carried out
a study of the degradation of 10 mg amorphous
QHCI samples at 80°C in which the reaction con-

MM

Wm)

{©

30 40 50
20 (degree)

1 " 1

10 20

Figure 4. X-ray powder diffraction pattern of amor-
phous QHCI after 30% decomposition at 80°C (a), after
50% decomposition at 80°C (the intensity was enlarged
five times for clearer comparison) (b), and DKP crystal

(c).
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tainers within the desiccator were either kept
open to the atmosphere (data reported so far) or
closed to the atmosphere. If the rate of the release
of gaseous products was involved in this reaction,
some effects should be observed. Indeed, as shown
in Figure 6, the cyclization reaction showed an
initially faster rate in the closed system, but the
rate slowed considerably at later times. The
buildup of water as one of the gaseous products
was also reflected on the increased hydrolysis re-
action in the closed system, as shown in Figure 6.
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Figure 5. Plot of the effect of sample mass on the
cyclization reaction rate constant (kpkp) of amorphous
QHCI (made by solvent evaporation) at 80°C. Inset
shows the results of the same experiment but con-
ducted under vacuum.
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Figure 6. The comparison of cyclization and hydroly-
sis product formation from the degradation of amor-
phous QHCI (made by solvent evaporation) at 80°C in
open and closed reaction containers. DKP (M closed, [J
open), DA (@ closed, O open).

Studies with Mixtures

In view of the observed sample mass effects, it
was of interest to see whether there would be any
effects by diluting the drug with another nonre-
active solid. The mixture samples containing vari-
ous amounts of QHCI] were brought up to a con-
stant total weight (i.e., 10 mg, the weight of QHC1
mostly used in this study) by solid additives. For
this purpose, we chose well-defined glass beads
(see experimental section) as materials that
would simply keep the particles of QHCI sepa-
rated by dilution. We also included studies with
identical siliconized glass beads to account for the
possibility of specific effects from the glass sur-
face, as well as amorphous trehalose, as an ex-
ample of a typical polar excipient.

As can be seen in Figure 7, for the cyclization
reaction, dilution of amorphous QHCI with the
various additives produces a change in reaction
rate similar to that observed in Figure 5 for
changing the mass of drug alone, although the
absolute rate constants are different for the same
amount of drug in these two situations. The ab-
sence of a specific additive effect is seen by the
excellent agreement in degradation rates for all
three additives at the same weight ratio.

Effect of Temperature

The solid-state degradation of amorphous
quinapril HCI, alone and in mixtures under dry
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Figure 7. Plots of cyclization reaction rate constants
(kpkp) versus amount of amorphous QHCI] (made by
solvent evaporation) in 10 mg of mixtures with glass
beads (@), siliconized glass beads (O), and amorphous
trehalose (O) at 80°C.

conditions, was studied at several temperatures
from 60°C to 104°C. The Arrhenius plots of the
cyclization reaction for 10 mg and 2 mg samples of
pure amorphous QHCI and two physical mixtures
are shown in Figure 8. There is a distinct break in
the plot in the vicinity of T, for the 10-mg sample,
whereas the deviation for the 2-mg sample occurs
at a lower temperature. The mixtures, however,
exhibit negligible deviation from a straight line
over the whole experimental temperature range.

The apparent Arrhenius plot parameters (A
and E,) for the cyclization reaction, obtained from
fitting the linear regions of the data in Figure 8,
are summarized in Table III. Also included are
the activation enthalpy (AH*) and entropy (AS¥)
obtained from Eyring plots based on transition-
state theory. The cyclization reaction parameters
obtained for the 2-mg sample and the two mix-
tures are reasonably close, but they are somewhat
different from those obtained with the 10-mg
samples.

DISCUSSION
Properties of Amorphous Quinapril HCI

The results of this study show that the crystalline
QHCI-CH;CN solvate can easily be rendered fully
amorphous by a combination of desolvation and
grinding. Amorphous samples made by this
method exhibit essentially the same physical and
chemical characteristics as samples made by sol-
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Figure 8. Arrhenius plots of the cyclization reaction
for 10 mg samples of amorphous QHCI from grinding
(0), 10 mg samples of amorphous QHCI from solvent
evaporation (@), 2 mg samples of amorphous QHCI
from solvent evaporation (A), 10 mg samples of an
amorphous QHCl-trehalose mixture (V, 1 : 4, w/w) and
of an amorphous QHCl-glass bead mixture (<, 1:4,
wiw).

vent evaporation. The changes of certain func-
tional groups in the FT-IR spectra (Table II) dur-
ing the formation of the amorphous state, espe-
cially groups involved in the hydrogen bonds
making up the crystal lattice, indicate why it is
relatively easy to create the amorphous state by
desolvation and grinding. In particular, the al-
most complete formation of the amorphous state
from the acetonitrile solvate after 5 minutes of
grinding [Fig. 2(a)] correlates well to the more
than 50% loss of the acetonitrile from the solvate
(Fig. 1 inset), whereas a combination of grinding
and subsequent desolvation under vacuum can
decrease the crystallinity even more efficiently
[Fig. 2(b)]. This is most likely due to the extra free
volume in the lattice channels created by the re-
moval of the solvent, as observed from the crystal
structure.'® Indeed, as an indication of the strong
tendency for this system to be rendered at least
partially amorphous by minimal processing, crys-
talline samples in the acetonitrile solvate form
exhibited decreased PXRD peak intensities sim-
ply by compressing in a Carver press as shown in
Figure 9(b). This partial amorphization was also
observed with polarizing microscopy. An even
more dramatic loss of crystallinity was observed
when the crystalline solvate samples were desol-
vated under vacuum and then subjected to slight
manual pressure during measurement handling
[Fig. 9(c)]. Meanwhile, the relatively high glass
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transition temperature (for such a small mol-
ecule) of the amorphous form and the apparent
inability to exist as a nonsolvated crystal’ pre-
cludes recrystallization of amorphous quinapril
HCI under normal storage conditions.

Molecular Mobility and Chemical Reactivity

Although large molecular motions in the solid
state, especially for crystalline samples, are gen-
erally hindered under pharmaceutical storage
conditions, at elevated temperatures and in the
amorphous state, molecules can be in a position to
acquire sufficient energy and mobility to over-
come the energetic barriers. Therefore, it is inter-
esting to compare the reactivity of an amorphous
system in this study with those in the crystalline
state and in solution. From Table III, the overall
activation energy, E,, for the cyclization reaction
of QHCI in the amorphous phase is on the order of
30 to 35 kcal/mol. The activation energy of a simi-
lar cyclization reaction in the crystalline state has
been shown to be about 60 kcal/mol,?* whereas in
solution the value is about 20 kcal/mol.®?5 It
seems, therefore, that the effect of molecular mo-
bility does play an important role in this type of
cyclization reaction.

To evaluate this further, it would be interest-
ing to carry out some assessment of the tempera-
ture dependence of the structural relaxation
times of amorphous QHCI in the range of tem-
peratures at which chemical reactivity was stud-
ied and to see whether the change of reactivity
with temperature correlates with the change in
molecular mobility. Because of the relatively low
chemical stability of amorphous QHCI even below
its T,, it was not possible to carry out long-term
direct measurements of relaxation time, 7, by
thermomechanical, dielectric, or thermal meth-
ods, as is often done with amorphous materials.
However, it is possible to characterize relaxation
times in an approximate manner by simply mea-
suring T, as a function of scanning rate in the
DSC and carrying out an analysis proposed by
Moynihan et al.?® and recently evaluated and
validated for an organic molecule with amorphous
indomethacin.?”

Thus, from a plot of the logarithm of the DSC
scanning rate, In|q|, versus T,, as shown in Fig-
ure 3, the activation energy for enthalpy relax-
ation (AH*), can be obtained by applying eq. 1.

d(njq) ~ AH*
d1/T,) R (1)
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Table III. Summary of the Kinetic Parameters from Arrhenius Plots for the Cyclization
Reaction of Pure Amorphous Quinapril HCI and Some Mixtures

InA E, AH:Z AS% (cal/mol K)
10 mg QHCI* 44.8 +1.8 355 +1.1 34.7+ 0.6 123+ 1.8
2 mg QHCIP 37.4+2.0 20.7+1.4 294 +1.6 15.1+4.5
QHClI-trehalose® 39.9+1.1 31.3+0.8 31.2+1.1 9.4 +32
QHCl-glass bead® 414 +1.2 324 0.9 32.0+0.9 7.5+2.5

@ Amorphous quinapril HCI samples from grinding of crystal and solvent evaporation. Parameters
were obtained by least-squares linear fitting of the data (OJ, @) below T, in Figure 16.

b Amorphous quinapril HCI samples from solvent evaporation.

¢ Physical mixtures (1:4, w/w) of amorphous quinapril HCI (from solvent evaporation) and additives.

137

Total mass of each sample = 10 mg.

For conditions used in this study, AH* can be
used as the activation energy for viscous flow
(AH,*) to calculate the “fragility parameter” m,
(eq. 2) and “strength parameter” (D, eq. 3).

AH,*

™ =2 303RT, @)

2.303(m,;,)*
D=7+ 3)
m = Myyjp

In eq. 3, m,,;,, = log(ty,/7o), which takes the
value of 16 because the relaxation time at T, (11,)
is usually about 100 sec?® and 7, is the relaxation
time at the high temperature limit, which is on
the order of vibrational lifetimes (= 10~** sec). The
parameters obtained for amorphous QHCI were:

10 20 30 ] 40 I 50
26 (degree)

Figure 9. PXRD of crystalline QHCI-CH;CN (a),
sample after compression using a Carver press ((110*
Ib/cm?) (b), and sample after desolvation under vacuum
at 45°C for 24 hours (c).

AH* = 141 + 11 keal/mol, m = 85+ 7, D = 8.5
1.0, which indicate that amorphous QHCI is a
relatively fragile glass near its glass transition
temperature. The ideal glass transition tempera-
ture T,, which is thought to mark the point of zero
configurational entropy,® was calculated to be 296
K (23°C) from eq. 4.

Mpin
TO:Tg(l "T) ()

From the fragility parameters obtained in the
preceding, the relaxation times of amorphous
QHCI above its glass transition temperature can
be estimated by using the Vogel-Tammann-
Fulcher (VTF) equation®® as shown in eq. 5.

DT,
T=To eXP| i _ T,

Because the VTF equation assumes the amor-
phous state to be an equilibrium super-cooled
liquid at all temperatures, it has been shown that
it tends to predict much higher relaxation times
at temperatures less than T, than actually occur
in the glassy state.??3° To better estimate relax-
ation times at temperatures less than T,, in the
glassy state, therefore, it is more appropriate to
combine the Adam-Gibbs equation with the VTF
equation to give eq. 6, the Adam-Gibbs-Vogel
(AGV) equation.?®

()

_ DT, 6
T To P\ (1 T, /Ty ©)
In eq. 6, T}, the fictive temperature, is defined
as the temperature at which the nonequilibrium
value of some macroscopic property would be the
equilibrium one predicted from the VTF equation.
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In the equilibrium state above Ty, T;is equal to T,
and eq. 6 is identical to eq. 5. For the purpose of
this approximate analysis below T,, we follow the
practice of assuming that a good estimate of T
immediately after the formation of the glass is
T,.>! Therefore in Figure 10, the solid and dotted
lines represent predictions of log(t) versus T/T,,
assuming the values of D, T,, and 7, presented
earlier.

Molecular mobility that might influence a
chemical reaction can involve translational or ro-
tational motions of entire molecules or intramo-
lecular motions involving specific portions of the
molecule. The translational and rotational mo-
tions of most molecules in single- or multiple-
component systems, as reflected in the diffusion
coefficient, are generally coupled to shear viscos-
ity, m. For example, the relationship between the
translational diffusion coefficient (D,) and shear
viscosity () is given by the Stokes-Einstein equa-
tion:

" 6mmr

(7)

r

where r is the molecular radius, kg is the Boltz-
mann constant, and T is temperature. The viscos-
ity (n) is a measure of the liquid response to a
suddenly imposed shear stress and is propor-
tional to the corresponding relaxation time (1) by
the Maxwell equation.?? Because the rate con-
stant (k) for a molecular mobility-controlled reac-
tion is proportional to the diffusion coefficient
D,,?33* reaction rate constants at a constant tem-
perature can be correlated to the ratio of their
relaxation times, 1, as shown in eq. 8:

k, D € /1\¢

A C R G G
where £ is introduced, for amorphous materials
near the glass transition temperature, to compen-
sate for any “decoupling” between measured dif-
fusion coefficient values and prediction from vis-
cosity and reorientational relaxation.?*

If we wish to examine the ratio of k; to k, for
the same reaction at different temperatures

(T,T,), then
IE:DrZ: (E (E)S (9)
k; Dy T/ \ 1y

If we assume that the solid-state cyclization
reaction of amorphous QHCI is controlled by mo-
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lecular mobility and the relaxation time (1) at the
glass transition temperature for this system is
100 sec,?! by comparing the reaction rate constant
at T, relative to those at other temperatures and
applying eq. 9, we should be able to calculate the
corresponding expected equivalent relaxation
times at the different experimental temperatures.
In Figure 10 the data points represent the relax-
ation times calculated from rate constants for the
cyclization reaction with £=1 (complete coupling
between D and 1) and 0.75 (incomplete coupling
between D and 7 as suggested by Fujara et al.?*),
compared with predictions from the VTF and
AGYV equations at temperatures greater than and
less than T,, respectively. Below T,, the change in
relaxation times obtained from observed reaction
constants appears to correlate quite well with the
AGYV equation prediction. Above T,, the estimates
of T from reaction rates are greater (slower reac-
tion rate) than predicted from the VTF equation.

In Scheme 3 we show a simplified mechanistic
scheme for the cyclization reaction of quinapril
hydrochloride. There are basically three steps in
this reaction that could act as activational barri-
ers and, hence, contribute to the apparent overall
reaction rate: (i) proton transfer to form HCI and
the diffusion of HCI gas away from the reaction
site; (i1) transformation of the trans amide confor-
mation to the cis conformation, necessary to bring
the nucleophilic amine in proximity to the carbox-
ylic acid group; and (iii) the intramolecular nu-

18

log(z, sec)

Figure 10. Relaxation times calculated from rate
constants for the cyclization reaction from eq. 9 with &
=1 (O) and & =0.75 (M), respectively. The lines are
relaxation time versus temperature predictions using
the VTF equation (solid line) and the AGV equation
(dotted line), as described in the text.
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cleophilic addition, the subsequent breakdown of
the tetrahedral intermediate to form the DKP
product plus a molecule of water, and the diffu-
sion of water from the reaction site.

In the solution state, we would expect that pro-
ton transfer to yield the zwitterionic form of
quinapril would occur rapidly.3® The trans-cis am-
ide conformation transformation, as shown ear-
lier in some N-acyl-proline systems,?®3” has an
activation energy of about 20 kcal/mol in aqueous
solutions.?®*° This kind of trans-cis amide con-
formational change has been suggested as the
rate-limiting step for some protein denaturation
reactions in aqueous solution.** The intramolecu-
lar nucleophilic addition and breakdown of the
tetrahedral intermediate in other similar reac-
tions has been suggested to be the rate-limiting
step on the basis of analyses of pH effects in aque-
ous solution.*%%3

In the solid state, all three steps would appear
to require a critical amount of translational and/
or rotational diffusion. From the crystal structure
of the QHCI acetonitrile solvate (see Scheme 2),
we see that Cl™ is hydrogen bonded to the hydro-
gen atoms of the amine and carboxylic acid
groups of two neighboring molecules, which could
be carried over to the amorphous phase, at least
to some extent. Hence, theoretically, proton
transfer to the CI~ to form HCI gas can occur ei-
ther by way of the amine to produce the neutral
form or by way of the carboxylic acid to produce
the zwitterionic form during thermal treatment
(see Scheme 3). In either case, significant molecu-
lar mobility is required to form the covalent H-Cl
bond (bond length 1.28 A) and to simultaneously
break an O-H or N-H bond. The HCl molecules
produced, which might still be hydrogen-bonded
to quinapril molecules, need to overcome another
energetic barrier to escape from the solid matrix
to the vapor state. If HC] molecules do not have
sufficient mobility to escape, the time scale might
be enough for the reverse reaction (see Scheme 4),
which will result in decreased overall degradation
rates. In a similar situation the thermal decom-
position of certain solid alkylammonium chlorides
at high temperature exhibits an activation energy
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of about 30 to 40 kcal/mol,** consistent with val-
ues obtained for the present system.

Meanwhile, from the crystal structure of
QHCI-CH,CN,' the amide bond is predomi-
nantly in the ¢rans conformation. Because of the
possible larger steric effect from the 1,2,3,4-tetra-
hydro-3-isoquinolinecarboxylic acid group, we ex-
pect that the ¢rans-cis transformation barrier in
the solid state should be higher than 20 kcal/mol.
Therefore, the trans-cis conformation change, an-
other prerequisite for the cyclization reaction,
should also require significant molecular mobil-
ity. The FT-IR studies reported earlier (Table II)
indicate a nonplanar amide conformation change
during the formation of the amorphous form. This
probably, in part, will contribute to the increased
molecular mobility and chemical reactivity in the
amorphous state compared with the crystalline
state.

To assess the possible roles of each of these
steps and other variables on the overall cycliza-
tion reaction, we can carry out the following
analysis. We can first assume that any reaction of
HC1 with the cis-quinapril (Q,) is insignificant,
which would be very likely if the HCI molecules
already had enough time to escape from the reac-
tion site or if the conformational change to the cis
form might cause the basic groups of quinapril to
be inaccessible to HCI. Then the reaction in
Scheme 3 can be quantitatively expressed as
Scheme 4, where k;, k,, and k; are the three for-
ward reaction rate constants and k_; and k, are
those of the first two reverse reactions. The pos-
sible reaction between DKP and water is ignored
in the solid state because some of the representa-
tive hydrolysis products from DKP in aqueous so-
lution are not detected in this study when the
open vials in a desiccator containing P,O5 are
used.

By assuming the steady-state approximation*®
for both quinapril forms (Q,..s and Q;), it can be
shown that

d rans.
[Q(';t. ] = kl[QHCl] + k_Z[QCiS] - k—l[Qtrans] PHC]

- kZ[Qtrans] =0 (10)

and
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d cis
[?t ] = kZ[Qtrans] - k—2[Qcis] - k3[Qcis] =0

(11)

Then from Scheme 4 the observed rate con-

stant for the formation of DKP (k) can be ex-
pressed as eq. 12.
k;kok
Kops = P (12)

°bs T kokg + k_y (kg + k_g)Prc

Eq. 12 shows the combined contributions from
each step in the reaction scheme and in particular
the adverse effect of any local partial pressure
buildup of HCI gas (P on the overall reaction
rate.

Effects of Particle Morphology

The observed significant effects of sample weight
on the degradation rate strongly imply that addi-
tional factors associated with the physical char-
acteristics of the solid state are contributing to
the observed kinetics. All results indicate that the
restriction of gases to escape from the reaction
matrix tends to slow down the reaction signifi-
cantly, whereas the reaction rate increases when
gas removal is facilitated by applying a vacuum
(Fig. 5). On the basis of the significant differences
in measured reaction rates for sample weights
ranging from 0.5 to 15 mg, we would hypothesize
that in some manner this might be due to a limi-
tation on the rate of removal of HCI gas from in-
side the solid matrix and hence a slowdown of the
overall reaction rate by increasing the reverse re-
action of the first step as discussed previously. We
might ask how would sample weight affect re-
moval of HCI gas? This effect is probably due to
the tendency for amorphous QHCI particles to
soften (lower viscosity) near and above its T, of
about 91°C. The particles most likely soften even
more as the reaction proceeds because the major
degradation product, amorphous DKP, has a
glass transition temperature of about 37°C as
measured by DSC at 20K/min and any water
present can also act as a plasticizer.® Such a loss
in viscosity in addition to increased molecular mo-
bility might be expected to lead to a coalescence of
particles into a larger mass with a reduced sur-
face/volume ratio. This, in turn, could lead to a
reduced rate of HCI diffusion out of the solid be-
cause of less exposed surface. This hypothesis is
supported by the observation of an approximately
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100% decrease of degradation rate for samples of
larger particle size (500-1000 pm) relative to that
of small particle size (1-10 pm) samples having
the same total weight (data not shown). Signifi-
cant coalescence of particles after storage at 80°C
for 70 hours was observed by SEM as shown in
Figure 11(a) and (b). Coalescence became particu-
larly severe when samples were stored at tem-
peratures greater than Tg, as could be observed
by optical microscopy and even visually. To fur-
ther test this hypothesis, we intentionally pro-
duced large-scale agglomeration by annealing
amorphous QHCI samples at 100°C for a brief
time. As shown in Figure 12, this sample exhib-
ited a significantly slower degradation rate than
that of untreated samples despite a small amount
of initial degradation caused by the initial heat-
ing at 100°C; the degradation rate of untreated
samples is about two times that of the rate of
annealed samples, a difference that correlates
well with the sample weight experiment (Fig. 5)
and the particle size experiment. Such an inter-
pretation based on a reduced surface/volume ratio
appears to be consistent with an earlier study of
the solid-state decomposition of CaCO; to yield
the CO, gas, in which a pelleted system was much
less reactive than the powdered form,*¢ presum-
ably because of slowing of CO, transport and re-
lease.

Dilution of the drug particles by mixing with
another solid such as the glass beads and treha-

Figure 11. SEM images of the original amorphous
QHCI from solvent evaporation (a), and a sample after
storage at 80°C for 70 hours in a desiccator (20% de-
composition) (b), physical mixture of amorphous QHCI
with siliconized glass beads (1:5, w/w) (¢), and after
storage at 80°C for 40 hours in a desiccator (30% de-
composition) (d).
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Figure 12. Degradation (at 80°C) of amorphous

quinapril hydrochloride samples (10 mg) annealed at

100°C for 5 min (M) and same amount of untreated
samples (0J).

lose most likely prevents large-scale aggregation
of QHCI particles and hence prevents the slowing
down of HCI release. On the other hand, local
agglomeration of drug particles is still observed,
depending on the ratio of drug to additive in the
mixture and their particle size difference. As
shown in Figure 11 (¢) and (d), for the mixtures of
amorphous QHCI and siliconized glass beads, this
local agglomeration occurs on the surface of glass
beads, appearing to form a drug “film” after heat-
ing. We would conclude, therefore, that the rate of
HCI diffusion is affected by both the exposed sur-
face area and the thickness of the drug film.
When the additive ratio in the mixture increases,
the exposed drug surface increases while the
thickness of the drug layer decreases, both favor-
ing the diffusion of HCIl gas and increasing the
rate of the overall reaction. Note in this regard
the larger degradation rate constants of QHCI in
mixtures (Fig. 7) than those of the same amounts
of pure drug (Fig. 5). This hypothesis also agrees
well with the observed small but significant dis-
continuities in the Arrhenius plots of Figure 8 for
the pure samples at high temperatures, in which
softening of the system should be enhanced. On
the other hand, no significant effects were ob-
served when the drugs were diluted with the
glass beads and trehalose. Such significant soft-
ening and agglomeration above T, with a result-
ing slowing down of the reaction may also contrib-
ute, at least partially, to the relatively poor pre-
dictions above T, in Figure 10, in which the
predicted molecular mobilities from the chemical
reaction rates are much slower than those pre-
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dicted by the VTF relaxation time obtained from
the scanning rate dependency of T,.

CONCLUSIONS

Crystalline QHCI can be easily rendered amor-
phous by desolvation of the crystalline acetoni-
trile solvate and mechanical grinding. The amor-
phous form, also prepared by evaporation from a
CH,CL, solution, has a glass transition tempera-
ture of 91°C and can be considered a fairly fragile
material with a D parameter of 8.5 and a T, of
23°C. The molecular level disorder in QHCI, as
indicated by FT-IR spectra analysis, correlates to
the mobility of several functional groups in the
amorphous state. Amorphous QHCI readily un-
dergoes a cyclization reaction to form the corre-
sponding DKP under dry conditions over the tem-
perature range of 60 to 104°C with an apparent
activation energy of about 30 to 35 kcal/mol. The
cyclization reaction involves three possible ener-
getic barriers, including the production of two
gaseous products, HCl and H,O, that can be af-
fected by the molecular mobility of the amorphous
state. A good correlation between relative reac-
tion rate constants and structural relaxation time
was obtained below T,, but above T,, despite
shorter predicted relaxation times, the reaction
rates were greatly reduced. The reduced surface/
volume ratio caused by agglomeration and sinter-
ing of QHCI particles during heating, and a
slower rate of HCl gas removal, appear respon-
sible for the decreased reaction rate and the ob-
served effects of sample-related variables.

This complexity with regard to morphologic
changes, and the possible rate-determining diffu-
sion of HCI gas, makes quantitative evaluation of
the kinetic model, expressed by equation 10, very
difficult and more probing of this system will be
required to do so.
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