International Journal of Pharmaceutics, 53 (1989) 25-34 25
Elsevier

1JP 01781

Effect of type and extent of crystalline order
on chemical and physical stability of carbamazepine

Florentine U. Krahn and Jobst B. Mielck

Department of Pharmaceutical Technology, Institute of Pharmaceutical Chenustry, Unwversity of Hamburg, Hamburg (FR G )

(Received 18 August 1988)
(Accepted 25 October 1988)

Key words: Crystal modification; Crystallinity; Physical stability; Chemical stability; Carbamazepine

Summary

Three crystalline phases of carbamazepine (C), namely (1) the needle-shaped form I (tempered) with high crystaliine order, (u)
beam-shaped form I (anhydrate) with lower crystalline order, which was prepared by dehydration of the dihydrate, and (1) the
prismatic form III, which 1s stable at room temperature, were prepared and their physical properties were determuned Then they were
separately mixed with 40% (w/w) colloidal silica and stored open under climatic stress at 4 temperatures (56-72° C) and 3 relative
humidities (41-71%) The physial and chemical stability of C was followed for 200 days Form I (anhydrate) transformed under all
conditions to form III, with the highest rate at 51°C, while the other phases were physically stable C degraded chemucally by
hydrolysis to imnostilbene (IS), about 10 mol% were formed at the highest stress after 200 days Small amounts of secondary
products were detected An imtial constant degradation rate up to 1 mol% IS was followed by a slower, again linear degradation The
mitial rates of formation of IS per umit surface area of the crystals (°k, mol%/day) were highest for form I (anhydrate) and lowest
for form I (tempered) The calculated Arrhenius activation energies up to 67 © C were of the order form HI > form I (anhydrate) > form
1 (tempered) with 135, 125 and 104 kJ /mol, respectively The energies of activation for chemical degradation correlate well with the
content in free enthalpy of the respective crystalline phases and their correspondent physical stability

Introduction solvent, both the type of crystalline order, i.e.
polymorphic modification, and its extent, i.e. de-
gree of crystallinity, are to be considered (York,
1983). These properties of solid phases in turn
may modify the rates of chemical reactions, as was
reviewed by Byrn (1976) for polymorphic modifi-
cations, and was introduced as part of the general
concept of “molecular pharmaceutics” by Hiitten-
rauch (1978). The interdependence of physical
state and chemical reactivity has been tested in
this work using carbamazepine as a model drug.

The antiepileptic drug carbamazepine has been

Drug compounds with low solubility and/or
dissolution rate may cause stability problems in
addition to the extent of chemcal degradation,
namely alterations in rate and extent of dissolu-
tion by physical transformations. JBesides the
surface area of the drug particles accessible for
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investigated by several authors with respect to
polymorphism and the physical stability of vari-
ous solid phases (for review, see Krahn and Maelck,
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1987). Consistent data have been obtained for a
form with normally prismatic habit, which is
termed modification HI in this work and is the
form usually obtained from the market, and for a
usually needle-shaped form, which forms at higher
temperatures. The latter form is termed modifica-
tion I according to the rules for ordering poly-
morphs as recommended by Burger (1982). Several
findings point to the existence of at least two more
modifications. In addition, a dihydrate (Kaneniwa
et al., 1984; Krahn and Mielck, 1987; Laine et al.,
1984) and an acetonate (Kala et al., 1986) have
been described.

From a semischematic energy—temperature dia-
gram we deduced that form I is thermodynami-
cally stable at room temperature (Krahn and
Mielck, 1987), while form I is less stable due to a
higher free-energy content. Apparently the degree
of crystallinity then determines the rate of physi-
cal transformation: needles of form I obtained by
tempering were stable for at least 3 years, while
crystals of the same modification, but obtained by
dehydration of carbamazepine dihydrate and thus
less ordered, formed increasing amounts of mod-
ification III with time.

The chemical stability of carbamazepine has
only been investigated quantitatively so far in
aqueous solution (Beyer et al., 1971; Brazier et al.,
1973; Robson and Sharples, 1984) and in suspen-
sion (Burckart et al., 1981).

Since differences in energy content exist be-
tween the forms I and III at an equally high
degree of order and also between phases with
different degrees of order within the same poly-
morphic modification, differences in the solid-state
chemical stability of these materials should also
occur (Byrn, 1976). Since chemical reactions which
involve other components as reactants can only
start at the surface of the particles, rates of reac-
tion have to be normahlized with respect to surface
area for comparison of different materials. Dif-
ferences in surface concentration of defects, how-
ever, may not yet be accounted for by this normal-
ization.

As judged from the standpoint of a pharmaceu-
tical manufacturer, carbamazepine is considered
to be chemically stable.

In order to relate the chemical and physical

stability of several crystalline phases. in this model
study the chemical stability is reduced by combi-
nation with an excipient.

Since the degradation of carbamazepine in-
volves hydrolysis 1n an early step, a hydrophilic
excipient is chosen which reversibly adsorbs con-
siderable amounts of water from the atmosphere
and which has been shown to accelerate hydrolytic
reactions of rather lipophilic compounds, i.e. col-
loidal silica (Czaja and Mielck, 1982; Danels et
al, 1986). Therefore, the chemical stability of
carbamazepine has been investigated in mixtures
with colloidal silica and under climatic stress, i.e.
elevated temperatures and relative humidities.

Materials and Methods

Carbamazepine, modification I

Carbamazepine (C) USPXX was obtained from
Pfannenschmidt, Hamburg, F.R.G. (lot 001819)
and consisted of agglomerates of prismatic crystals.
From this material, all other crystalline phases
were prepared.

A size fraction of 40-80 pm was obtained by
air-jet sieving (Model 200, Alpine).

Carbamazepine, modification I (tempered)

Six g C were dissolved in 20 ml methanol
(analytical grade) at 80°C. The solution was
cooled for 30 s under running tap water. The
solvent was evaporated at room temperature (r.t.)
by an air stream; the resulting crystals were dried
for 3 h at 65°C in an oven and subsequently
carefully dispersed by mortar and pestle. The
powder was tempered for 2 h at 175°C in an
oven. Particles below 40 pm and above 224 um
were separated by air-jet sieving and hand sieving,
respectively. The resulting product consisted of
fine needles partly agglomerated in bundles.

Carbamaczepine, modification I (anhydrate)

Thirty g C were dissolved on a water bath at
80° C in 220 ml ethanol of analytical grade under
stirring and refluxing. 84 ml of distilled water
were added dropwise. The mixture was slowly
cooled to r.t. during 5 h. The crystals were filtered
off, washed with a cold mixture of ethanol and



water, dried for 3 h at r.t. and carefully dispersed
as above. The product was dehydrated by heating
it in a thin layer in an oven at 65°C.

A size fraction 40-224 pm was obtained as
described above. The resulting particles were
beam-shaped.

Powder-technological characteristics

Samples were analyzed by microscopy (Ortho-
plan, Leitz), and by scanning electron microscopy
(SEM) (Stereoscan S4 with Ortec 6230 micro anal-
ysis system, Cambridge Scientific Instr.); particle
size distributions were obtained by measuring dia-
meters of equivalent circles (Videoplan image
analysis system, Kontron); true densities were de-
termined by gas pycnometry, using helium and
measuring each of the 4 samples 4 times (Stereo-
pycnometer, Quantachrome); specific surface areas
were determined by air permeametry at porosities
of 0.38-0.42 (Luftdurchsatzpriifer, Toni-Technik,
methanol as measuring fluid).

Physical stability

To obtain X-ray diffractograms, the powders
were strewn into the specimen holder and lightly
compacted with a glass shde in a diffractometer
(Iso-Debyeflex 1001, Seifert, Cu-/K, anode and
goniometer, Philips, and counting electronics,
Berthold); quantitative I.R. spectrophotometry
was carried out with a Microlab 600 (Beckman) by
suspending the powders in Nuol (Uvasol, E.
Merck) and reading against Nujol. The analytical
method has been described (Krahn and Mielck,
1987). The error in the determination of the ratio
of form I to form III in the sample was 5%. The
presence of 40% colloidal silica had no effect on
the determination. All samples were heated for 2 h
at 65°C in an oven prior to analysis in order to
dehydrate any dihydrate formed during storage.
The latter is transformed to form I by this treat-
ment (Krahn and Mielck, 1987).

Preparation of mixtures

The respective crystalline materials were mixed
with colloidal silica (Aerosil 200, Degussa, Frank-
furt, F.R.G., lot 0049). The materials were stored
for 1 day at 75% r.h. and r.t. To destroy ag-
glomerates, the silica was hand-sieved through a
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TABLE 1

Apparent zero-order rate constants for the mtial formation of
innostilbene ( < I mol %) in powder mixtures of carbamazepine
and collodal stlica (60 + 40, w + w) under chmatic stress

Crystaline T °k (107 mol% /day)

(=]
phase CO N%rh  60%ch  71%rch
Form I 562 83+ 3.8 1144 38 117+ 35

(tempered) 618 177+ 44 192+ 50 222+ 51
671 3141106 336+ 95 406+129
723 476+164 439+128 4891180

Form I 562 79+ 18 85+ 24 T4+ 238
(anhydrate) 618 170+ 32 141+ 24 192+ 44
671 324+ 84 324+ 79 3594104
723 4744129 370+164 4834142

Form I1I 56.2 51+ 20 71+ 28 70+ 28
618 148+ 37 155+ 38 171+ 47
671 320+ 71 393+ 97 352+ 88
723  558+128 568+148 58.6+11.1

T, average kinetic temperature
°k, values are mean+ 95% confidence intervals

180 um sieve. 24 g of a crystalline phase were
mixed with 16 g colloidal silica with the aid of 70
g glass beads of 3 mm diameter in a 1 liter glass
bottle by a shaking mixer (Turbula 2 C, Bachofen)
for 30 min.

Preparation of samples and storage

Aliquots of 125 mg mixture were weighed into
5 ml vials. These were stored open in 5-liter glass
Jars at 41, 60 and 71% r.h. These humdities were
produced by saturated solutions of potassium
nitrate, sodium nitrate and sodium chloride, re-
spectively, with excess salt. The containers were
stored in precision ovens (B 5050 E, Heraeus) at
each of the temperatures 55, 62, 67 and 72° C. The
actual temperatures were read by precision ther-
mometers every day for 14 days and subsequently
twice a week. The relative humidities within the
containers were controlled several times (Humidat
IC II, Nova Sina).

The average kinetic temperatures were calcu-
lated for the first 20 days of storage (Table 1).
During the longer storage times of up to 200 days,
the maximum dewviation was 0.1°C.

The average content of C in the mixtures was
determined using all samples with contents of less
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than 0.25 mol% iminostilbene as main degradation
product since the precision in determination of C
by HPLC was +0.3%. The sampling plan war-
ranted an unbiased distribution of the data for the
degree of mixing.

Chemucal stability

The following materials were used in the analy-
sis by TLC and by HPLC:

Carbamazepine (C): Pfannenschmidt, Ham-
burg, F.R.G., lot 18009; iminostilbene (IS): Fluka,
Buchs, Switzerland, lot 259672; acridine (Al):
Sigma, Deisenhofen, F.R.G., lot 103F-3427; acri-
done (AO): Riedel-de Haen, Hannover, F.R.G.,
lot 4082; acridone-9-carboxylic acid: Aldrich,
Steinheim, F.R.G., lot 00520 KM; 9-methyl
acridine: synthetized according to Jensen and Re-
thwish, 1928: melting temperature, I.LR. spectrum
and 'H-NMR spectrum were identical with those
in the literature.

Thin-layer chromatography

From a solution of 10 mg C in 1 ml methanol,
2-4 ul were placed in bands onto TLC plates
(Kieselgel 60 F 254 10 X 10 cm, E. Merck). They
were developed horizontally for 70 mm with a
mixture of methanol, ethylacetate and toluene (1
+ 5+ 4 volume parts). After drying in an air
stream, the compounds were detected by inspect-
1on 1n the UV at 254 and 366 nm.

High-pressure liquid chromatography

A column of 250 mm length filled with Nucleosil
5 C8 (Macherey and Nagel, Diiren, F.R.G.) was
used, and in addition a similar precolumn of 40
mm length and 4 mm mner diameter. A mixture
of acetonitrile (Lichrosolv, E. Merck, Darmstadt,
F.R.G.) and freshly distilled water (55 + 45 volume
parts) was pumped (twin piston pump, Knauer) at
19 to 24 MPa with 1.2 ml/min through a valve (20
pl injection volume, Rheodyne), the columns, and
a flow-through cell (8 pl, 10 mm light path) in a
photometer (UV photometer at 254 nm, Knauer).
The absorbance readings were fed into an integra-
tor (SP 4100, Spectra-Physics).

The sample was transferred to a 25 ml volumet-
ric flask and made up to volume with acetonitrile,
analytical grade. After treating for 15 s in an

ultrasonic bath, the silica was separated 15 min
later by centrifugation. Exactly 1 ml of the super-
natant was diluted with 9.00 ml of a mixture of
equal volumes of acetonitrile and water and de-
gassed for 15 s. The solution then contained 300
pg/ml C.

External standard solutions were used, where C
was combined with IS, and Al with AQ. Calibra-
tion was performed every day of analysis.

For C, Al and AO the ratios of amount in-
jected and peak area detected were constant dur-
g analysis within a known concentration range.
Therefore, a single linear calibration curve was
used for calculation of concentrations of the re-
spective compound in samples during one day.

The concentration ranges of standard solutions
and their number within this range (»), precision
of determination (c.v.), and limits of detection
were:

C: 260to325 pg/ml, n=4,cv.+031% at n=
9;

IS: 01to 15 pg/ml, n=7,¢cv.£0.19% at n=6
at 0.26 pg/ml, lower limt for determination
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Fig 1 HPLC chromatogram after injection of 20 pl of stan-

dard solution with 300 pg/ml carbamazepmne (C), 4 pg/ml

iminostilbene (IS), 07 pg/ml acridine (Al) and 05 pg/ml

acridone (AQO), eluent acetonitrile + water 55+45 (v+v)at 12
ml/mun, retention times 1n s.



0.1 pg/ml, lower limit for detection 0.05
pg/ml;

Al: 0.2,0.5and 09 pg/ml, cv.+2.5% at n=9
at 0.2 pg/ml;

A0:02,0.5and 09 pg/ml, c.v.+3.3% at n=8
at 0.2 pg/ml.

The iminostilbene standard contained less than
5% (w/w) impurities, made up by < 1% 9-methyl
acridine, < 3% acridine, <0.1% acridone, and
one other compound, which has not been identi-
fied.

It was impgssible to purify IS further perma-
nently by recrystallization. In solid state after 12 h
an equilibrium between IS and its degradation
products was re-established.

Within the first hours of analysis, the column
demonstrated saturation effects for IS. Therefore,
sample preparations and calibrating standards of
similar concentrations were injected alternatively
for the first hours.

A typical chromatogram resulting from injec-
tion of 20 ul of a solution containing the 4 stan-
dards is given n Fig. 1.

Results and Discussion

Powder — technological characteristics

Particles of the original material (form III) are
illustrated by S.EM. in Fig. 2A. The depicted
particles of about 80 pm diameter have a porous
surface to which very small particles adhere.

Form I obtained by tempering is shown 1n Fig.
2B. Primary particles of needle shape have lengths
to about 40 pm, while secondary particles in the
form of bundles have edge lengths of up to 120
pm. The surfaces apparently are free of pores.
Form I obtained by dehydration (Fig. 2C) consists
of beam-like fragments with edge lengths of about
100 pm. The surfaces are porous and are covered
with numerous small thin particles.

The particle size distributions are skewed; a
narrow distribution with d_,, at 10 pm and
another d,,,, at 60 pm was found for form III, a
wider distribution with one d,,, at 10 pm for
form I (tempered) and the broadest distribution
with a d,,,, of 10 and another d,,, at 70 pm for
form I (anhydrate).

29
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Fig. 2. SEM of 3 crystalline phases of C under study. A form
II B: form I (tempered) C form I (anhydrate).
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TABLE 2

The physical properties of the 3 crystalline phases of C under study

Polymorphic True Sieve Specific Physical purty;
modification density fraction surface area content of I

+S.D. (kg/m’) (wm) +SD (m%/g) (% (w/w) + S.D. rel.)
I (tempered 1.301 + 0.008 40-224 0.50+001 97.0+11
I (anhydrate) 1328 + 0008 40-224 019+001 96.2+56
11 1.345 £ 0.008 40-80 0.29+0.03 00+20

The specific surface areas have been obtained
by air permeametry and are included in Table 2.
Since the chemical degradation was expected to be
accelerated by surface contact with the colloidal
silica, it seemed more reasonable to determine the
‘outer’ surface instead of a surface (e.g. by gas
adsorption) including pores and crevices, which
are not likely to be entered by the silica particles
during mixing.

Degree of mixing

The mixtures of the respective crystalline phases
of C with colloidal silica had the following mean
contents and coefficients of variations, derived
from n determinations: form I (tempered) 60.21 +
0.84% (n = 62); form I (anhydrate) 60.21 & 1.69%
(n = 88); form III 60.24 + 1.37% (n = 80).

Structural characteristics

The X-ray diffractograms did not point to any
alteration in the modification due to the mechani-
cal treatment. Instead, the patterns were identical
to those already described (Krahn and Mielck,
1987).

The respective initial contents of form I within
all 3 products as quantitatively determined by IR
spectrophotometry are given in Table 2.

Physical stability

During storage under climatic stress the powder
mixtures were analyzed at various times by mu-
croscopy, SEM, LR. spectrophotometry, and X-ray
diffractometry.

LR. spectrophotometry
As described earlier (Krahn and Mielck, 1987),
the samples were dried by short heating prior to

analysis. Samples containing modifications I (tem-
pered) or III exhibited negligible changes. How-
ever, the anhydrate demonstrated a marked reduc-
tion in the content resembling the structure of
form I, depending on climatic stress, (Fig. 3).
Samples of mixtures were also stored at —20°C
and samples of the crystalline phases at r.t. for
reference. Even at r.t. the content in form I lin-
early decreased during 200 days to 50%. At higher
temperatures, 10% of form III have been formed
after only 10-15 days.

The rate of transformation of form I to form
III is higher at 56°C than at 72°C; since the
transition temperature between forms HI and I
lies slightly above 100 ° C, the rate of transition of
form I and III should be slowed at temperatures
closer to this point.

The relative humidity exposes an accelerating
effect on the rate of formation of form III only at
56°C, but none at 72°C. Since the anhydrate

N

o 40 80 120 160 200 tume(d)

Fig. 3. Residual contents (% w/w) of modification I 1n form I

(anhydrate) mixed with colloidal silica, transforming to form

I under different storage conditions. (0), —20°C; (a),
+20°C,(®) 72°Cand 71% rh., () 56°C and 71% r.h



Fig. 5. SEM of a sample of form I (anhydrate), mixed with collowdal silica, stored for 21 days at 62° C and 60% r h.
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adsorbs more water than the needles or prisms,
the rate of transition via molecular dissolution of
carbamazepine adsorbed at the surface of the
highly disordered anhydrate may favor the forma-
tion of form III, the stable one under these condi-
tions.

X-ray diffraction

Although the presence of colloidal silica in the
powder mixture caused considerable noise in the
diffractograms, no changes were detected for the
powders containing either needles or prisms. How-
ever, the anhydrate exhibited reflexions typical for
modification III, especially at 15 and 25° (26),
which increased with time.

Light microscopy

Samples stored for more then 100 days at 72°C
macroscopically exhibited dark yellow particles.
Under the microscope these were composed of
primary particles unchanged in form which ap-
parently were completely chemically degraded. In-
teractions between the carbamazepine and col-
loidal silica are supposed since the surface of the
agglomerates was transparent and like a gel at
various locations.

Scanning electron microscopy

The complete coverage of the surface of the
particles of C by colloidal silica was evident from
this method. In addition, an excess of silica was
present in form of agglomerates. A sample of form
III with silica stored for 200 days at 72° C (Fig. 4)
clearly exposed in the foreground a long crystal
already chemically degraded and with an altered
surface structure. The other crystals captured by
this photograph exhibit the original appearance.
This resembles the observation of Okamura et al.
(1980), that within a population of particles struct-
ural changes occur at points on some of the
crystals, where these particles subsequently de-
grade completely, while others remain unchanged
for extended times. At the surface of crystals of
anhydrate, stored for 21 days at 62°C (Fig. 5)
small needles have grown perpendicular to the
original surface.

Earlier investigations of aged anhydrate by
thermal microscopy (Krahn and Mielck, 1987)
suggested that needles grown from this structure

9-methyl-~
C 18 acridine
H0 ey
— 2 f— "~
“~ -0
o‘éﬁ lg})’: . 4
Hy } ox
i
. COOH
=000 ¢
H
acridone acridine acridine -

9-carboxylic acid

Fig. 6 Reaction scheme for the sohd-state degradation of C 1n
muxture with colloidal silica under climatic stress

at about 125°C consisted of pure form I. There-
fore it may be assumed that depending on temper-
ature not only form Il may grow (forward reac-
tion) but that at points energetically and structur-
ally favored needles of pure form I may grow
already at temperatures below the transition tem-
perature (reverse reaction). Since such needles may
grow undisturbed during long times they will be of
high order and therefore rather stable. In addition,
as can be seen from the figure, they pierce the coat
of colloidal silica and thus will chemically degrade
only to a very small extent.

Chemcal stability

Qualitative results

By TLC and by HPLC, 5 degradation products
were identified: the main product IS, 9-methyl-
acridine, acridine-9-carboxylic acid, acridine and
acridone. Three additional peaks were detected by
HPLC after extended storage, which have not
been identified. The main reaction path derived
from the data is depicted in Fig. 6. Initially,
hydrolysis of the carboxamide function leads to
IS. Rearrangements of C,, and C,; lead to 9-
methyl acridine, an aromatic, planar three-ring
system which subsequently is oxidized. This reac-
tion path is identical with part of the known
metabolism of C in vivo (Faigle et al., 1976).

Via an epoxide at the carbon atoms 10 and 11
further products may be formed (Robson and
Sharples, 1984); however, they were not detected



in this study. With respect to the rearrangement as
well as to the subsequent oxidation a proof for the
existence of 9-methyl acridine was important. By
comparison with a synthetized standard, traces of
this intermediate were detected by TLC and by
HPLC (less than 0.001 mol%) in samples stored
for extended times. These very small amounts
support the lability of this compound for oxida-
tive degradation.

Quantitative results

Since only small amounts of C were degraded,
the interpretation of the rates of degradation of
the various crystalline phases cannot be based on
the losses of C. Only at 72°C the amount of C
decreased to 90% within 200 days, with an ap-
parent zero order rate constant of 0.037 mol% /day.
Influences of r.h. were not detected.

More informative is the rate of appearance of
IS 1n accordance with the concept of stability-indi-
cating assay methods, as already discussed by
Chafetz (1971). The formation curves were non-
linear for all crystalline forms. Especially at 72°C,
the imitially faster formation of IS was seen clearly.
When about 1 mol% IS had been formed, the rate
decreased and a slower, again apparently linear
degradation followed. It is not likely that the
secondary degradation products inhibit the forma-
tion of IS since even after 200 days at 72°C and
71% r.h. only 0.36 mol% acridine and 0.09 mol%
acridone are formed.

From the initial degradation phase (Fig. 7)
apparent zero-order rate constants were calculated
by weighted linear regression (Carstensen, 1972).
In a stepwise procedure, progressively more data

TABLE 3

Apparent activation energies for the formation of imnostilbene
from muxtures of carbamazepine and colloidal silica (60 + 40,
w+w)at 56-67°C and 41-71% rh

Crystalline EA (kJ/mol) +95%
phase confidence interval
Form I (tempered) 104.3+£13.2
Form I (anhydrate) 1251+ 35
Form I 1352+ 89
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(mol% IS) were included until the slope changed
significantly by inclusion of the next value, as
indicated by exceeding the 90% confidence limits
for the regression line obtained so far. The result-
ing rate constants are listed in Table 1. The n-
fluence of temperature is evident. An influence of
relative humidity is not detectable since the confi-
dence limits for the rates at constant temperature,
but varying r.h., overlap. During the later phase of
degradation, an increase in r.h. shightly accelerates
the degradation rate.

Comparative stability

For evaluation of reactivities, the rates have to
be normalized with respect to surface areas of the
crystalline phases (Table 2). The resulting rates
are highest for form I (anhydrate) and lowest for
form I (tempered) under all conditions. This is
consistent with the concept that a higher crystal-
line order is obtained by tempering as compared
to dehydrating the dihydrate.

The normalization of rates by surface area
tacitly assumes comparable concentrations of
surface defects per unit area for all crystal phases.
No method was available to determine the indi-
vidual surface concentrations of disorder, as was
proposed for total defect concentration per unit
mass by Suryanarayanan and Mitchell (1985).

Apparent activation energies were calculated
according to the Arrhenius relationship. Statistical
evaluation (Stricker, 1977; Zierenberg, 1977)
justified a linear relationship and thus a constant
energy of activation only for 3 temperatures up to
67° C. Weighted linear regression led to the values
listed 1n Table 3.

The higher energy of activation for the chem-
ical degradation of form HI correlates with the
highest physical stability of this form at tempera-
tures below 100°C. Form I (tempered), although
physically unchanged during 200 days, is the form
physically less stable below 100°C with a lower
energy of activation. Yet, it is degraded most
slowly under all conditions (Fig. 7). This may be
due to the higher degree of crystalline order of the
tempered product in comparison to that of form
IIL. Then the effect of the higher energy content of
the former due to the type of crystalline order is
over-compensated.
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Fig. 7. Amounts of iminostilbene (IS) formed per untt surface

area (A), in 3 crystalline phases of carbamazepine 1n mixtures

with colloidal silica and stored at 72° C and 41% r h.: (@), form
I (anhydrate); (@), form HI; (a), form I (tempered).

Form I (anhydrate) has an intermediate activa-
tion energy, while its rate of degradation was the
highest. This phenomenon may be the result of (i)
continuing loss of disordered and thus less stable
form I by physical transformation to form III, and
(ii) increase in order by recrystallization of highly
disordered regions into form I. The activation
energy then mainly correlates with the type of
order, and the rate of reaction with the degree of
order.
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