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The kinetics of the solid-state phase transformation of form â to γ of sulfanilamide in
powdered samples have been investigated using energy-dispersive X-ray diffraction (EDXRD)
combined with synchrotron radiation. The â to γ transformation which is relatively fast
has been followed in real time, courtesy of the high time resolution of the EDXRD method.
The data obtained yield R-time curves of high accuracy and precision. The observed kinetics
are atypical in that the transformation does not always proceed to completion but plateaus
off, the rate and extent being higher with increasing temperature. This phenomenon suggests
a distribution of activation energies in the powdered samples. Despite this complication
the data have been analyzed by considering only the fraction transformed. Of the various
kinetic models considered, the Avrami-Erofeyev (n ) 3.5) and the Cardew model were found
to best describe the data. The data fitting with both of these models, however, was not
totally satisfactory. The Avrami-Erofeyev model was found to depart increasingly from
the observed data at high R values. The Cardew model, being specific for powdered or
polycrystalline samples, was significantly better, but only up to R values of about 0.85. Above
this point the Cardew model deviates markedly from the observed data. Direct visual
observation using hot-stage microscopy has revealed that the transformation always proceeds
from a single nucleation event in each crystallite and that coalescence of growing surfaces
and ingestion of potential nuclei are unimportant, which is consistent with the Cardewmodel.
Also, extinction studies using polarized light have shown that the transformation in the
crystallites is generally of the type single crystal to single crystal but does not exhibit any
orientational relationship. The overall activation energy and the individual nucleation and
growth activation energies for the â to γ transformation based on the Cardew model were
determined to be 101 ( 7, 142 ( 14, and 70 ( 4 kJ/mol, respectively. The activation energy
based on the Avrami-Erofeyev model was 89 ( 8 kJ/mol. These magnitudes are within
the expected range for molecular crystals.

Introduction

Polymorphic phase transitions in crystals are of
considerable scientific interest and industrial impor-
tance. The interest spans numerous fields that include
Earth sciences,1 materials science,2 biomineralization,3

and explosives.4 The importance of phase transitions
in crystals of pharmaceutical compounds is also well
recognized, where unpredicted (and unwanted) phase
transitions can adversely affect both the product activity
and stability.5 In each of these disciplines a great deal
of the interest is focused on the kinetics of the phase
transitions involved. Thorough characterization of the

kinetics can enhance the fundamental understanding
of the underlying molecular processes, assist in the
rational design and development of materials and
processes, and address uncertainties regarding the
stability of the particular phases. Notable investiga-
tions of the kinetics of phase transitions include studies
on metals and alloys,6 ceramics,7 inorganic compounds,8
and molecular crystals.9

The characterization of solid-state kinetics typically
involves modeling the fraction transformed as a function
of time (the R-time curve) on the basis of some topologi-
cal mechanism. This form of characterization has been
dominated by the kinetic model proposed (indepen-
dently) by Avrami10 and Erofeyev,11 which has found
wide applicability. An important exception where the
Avrami-Erofeyev model is inappropriate is, as demon-
strated by the present study, the situation where the
sample consists of a fine powder. Here the transforma-
tion resulting from any nucleation event is constrained
to the individual crystallite by the crystallite’s bound-
aries.
Modeling of the R-time curve is generally based on

regression analysis. To be able to discriminate between
the various kinetic models, it is essential that the data
are of high quality and that the regression analysis is
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amply overdetermined. A variety of techniques have
been used to monitor solid-state phase transformations
as a function of time. These have included X-ray8a,b,17
and neutron12 diffraction, differential scanning
calorimetry,8c,e,9c infrared spectroscopy,13 and dilatom-
etry.14 In many investigations, typically the sample is
removed from its test condition at the various time
points, quenched, and then analyzed. This procedure
can introduce error into the data as a change in the
extent of transformation may occur during quenching
and or analysis. Ideally data collection should be in situ
and in real time, enabling the dynamic processes to be
followed as they occur with the inherent accuracy.
Powder X-ray diffraction is ideal for studying solid-

state polymorphic phase transformations, being both
highly discriminatory between polymorphic forms15 and
quantitatively accurate.16 Furthermore, as a result of
advances in detector technology and the development
of appropriate sample environments, the method now
enables data to be collected in real time.12,17 A particu-
larly important development is the energy-dispersive
form of PXRD, EDXRD.18 In this technique a polychro-
matic “white” beam is used as the source of X-rays, and
the diffraction data are collected at a fixed 2θ angle by
an energy-dispersive detector. The detector discrimi-
nates between the photons to give an energy distribution
of the photons at the fixed 2θ angle. The distinction
between the conventional angle dispersive form of

powder X-ray diffraction (ADXRD) and EDXRD can be
clearly conveyed by considering Bragg’s law:

where λ is the wavelength of radiation, dhkl is the
interplanar lattice spacing, and θ is the diffraction
angle. In ADXRD λ is fixed and the reflections dhkl are
sampled by scanning 2θ, while in EDXRD θ is kept fixed
and the reflections are sampled using radiation with a
range of λ. The wavelength of a photon, λ, can be
expressed in terms of its energy, E:

where h is Planck’s constant and c is the speed of light
in vacuum. Substituting this equation into Bragg’s law
yields

which shows that for any fixed diffraction angle, θ, a
range of interplanar lattice spacings, dhkl, will cause
diffraction of photons with discrete values of energy E.
The EDXRD technique is characterized by fast data

collection since no scanning of the detector is involved
and the whole diffraction pattern is recorded simulta-
neously. When combined with synchrotron radiation as
a source of X-rays, the time resolution for this technique
is typically of the order of 1 s, and with special
refinements can be as low as 100 ms.19 The fixed 2θ
angle is also useful in that it facilitates the design of
environmental sample chambers (e.g., furnaces and
pressure vessels) since only two small ports are re-
quired, one for the incident radiation and the other for
the diffracted radiation. These characteristics make
EDXRD an ideal technique for studying relatively fast
solid-state phase transformations in real time.
This paper presents a time-resolved study of the

thermal kinetics of a fast phase transformation in
crystals of sulfanilamide (4-aminobenzenesulfonamide,
NH2C6H5SO2NH2) using EDXRD with synchrotron ra-
diation. Sulfanilamide, an antibacterial drug, was
selected as a model compound since its polymorphism
is well characterized. It has been reported to exist in
four polymorphic forms, and these are known to exhibit
interesting phase transformations as a function of both
temperature20 and pressure.21 The thermodynamically
stable form at room temperature is the â form. When
heated above about 110 °C, it undergoes an irreversible
first-order phase transformation to the γ. It is this
transformation that has been investigated. (The term
first order refers to the thermodynamic classification of
the phase transformation according to Ehrenfest’s22
scheme and not to the kinetic order of reaction.) The
crystal data for the â(23) and γ(24) forms are listed in
Table 1. The results from the present study suggest
that the â-γ transformation is reconstructive. A cur-
sory examination using molecular graphics did not
reveal any easily recognizable geometrical relationship
between the two crystal structures but only that they
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differ in their hydrogen-bonding networks. The study
clearly demonstrates both the high accuracy and the
high time resolution attainable with EDXRD. Further-
more, it reveals the complex nature of the kinetics
governing the â-to-γ transformation in powdered samples.

Experimental Section

â-Sulfanilamide. The commercial form of sulfanilamide
(specified purity 99%+) obtained from Sigma was found to
consist of the â form. The purity with respect to polymorphic
form was verified using PXRD by comparison of the experi-
mental diffraction pattern with a simulated one, generated
from the single-crystal structure data23 using the computer
program Lazy Pulverix.25 No contaminants were detectable.
The chemical purity of the sample was determined using
differential scanning calorimetry and found to be better than
99.9% w/w. Consequently the â-sulfanilamide was used as
supplied without further purification or comminution. The
sample was classified in terms of particle size by screening
through a 50 µm sieve, and the fraction below 50 µmwas used
for the kinetic studies. The use of a such a particle size
fraction is essential to minimize preferred orientation effects
in powder diffraction studies. The single crystals used for hot-
stage microscopy were prepared by recrystallization from
acetone.
Energy-Dispersive X-ray Diffraction. The EDXRD ex-

periments were carried out on the wiggler beamline 9.7 of the
Synchrotron Radiation Source (SRS) at the SERC Daresbury
Laboratory, Warrington, U.K. The SRS is a low-emittance
storage ring that operates at 2GeV with a typical beam current
of 200 mA. A description of the EDXRD setup on beamline
9.7 has been published by Clark.26
The experimental geometry and the positions of the sample

holder and heating stage are illustrated in Figure 1. Data
were collected using transmission geometry with the diffrac-
tion angle fixed at 2.6° 2θ. In transmission the volume of the
sample contributing to the diffracted signal is that resulting
from the intersection of the incident and diffracted beams,
where the diffracted beam is defined by the fixed angle and
the detector collimation. By adjusting the geometry of the
experiment, the diffracting volume can be confined entirely
within the sample, thereby excluding any diffraction signal
from the aluminum sample holder from reaching the detector.
The heating stage employed has been described by He et al.27
It consists of a copper block at the center of which sits the
sample enclosed in a thin aluminum tube. The block is heated
by circulating oil. The temperature was controlled using a
Eurotherm controller. The maximum rate of heating of the
sample was limited to about 5 °C/min due to the large heat
capacity of the oil bath. The latter, however, did ensure
excellent temperature stability viz. (0.2 °C over 30 min. The
maximum controlled rate of heating of the sample was
considered to be too slow for achieving the desired isothermal

temperatures. Consequently, the heating stage was first
equilibrated to the desired temperature and then the sample
introduced. Preliminary experiments had shown that because
of the large heat capacity of the cell the sample temperature
would equilibrate rapidly within about 5-10 s. The sample
consisted of approximately 500 mg of the â form of the drug.
The temperature of the sample was determined using an in
situ thermocouple embedded within the sample but out of the
way of the incident beam. Diffraction patterns were collected
every 10 s with a data collection time of 10 s/pattern.
Hot-Stage Microscopy. To complement the diffraction

studies, the â-to-γ transformation was examined using a Nikon
Microphot FXA optical microscope fitted with a hot stage. The
specific aim was to generate direct visual data that could be
used to verify the mechanism of transformation. The behavior
of individual crystals of the B form during their transformation
to the γ was recorded by a video camera attached to the
microscope.

Results and Analysis

The time-resolved data obtained at 122.8 °C, typical
of the data sets at other temperatures, is shown plotted
in Figure 2. It clearly illustrates the time course of the
transformation. As the transformation proceeds, the
reflections of the â phase decline in intensity while those
of the γ phase emerge and increase. At this tempera-
ture the transformation rate is very fast with the
transformation going to completion within 6 min. De-
spite this, the high time resolution of the EDXRD
technique is more than adequate for following the
transformation; there are over 35 frames of data char-
acterizing the 6 min transformation period.
The important parameter for kinetic analysis is the

fractional transformation, R, as a function of time. To
extract this from the EDXRD data, one needs to
integrate the intensities under the individual reflections
of the respective phases present in the sample. To
achieve this, it is necessary either to have regions in
the diffraction pattern where there is no overlap be-
tween the reflections or to decompose the pattern into
individual contributions using entire-pattern profile
fitting methods. Fortunately, for the present data, there
are a number of nonoverlapping reflections that can be
used directly for the determination of the fraction
transformed.
For a constant thickness sample in which the volume

of sample irradiated remains constant the mass fraction
of any one phase is given by28

where Ii/Ii0 is the ratio of the relative integrated
intensity of a selected reflection of one particular phase
(phase i) in the mixture to its relative integrated
intensity in the pure state; Xi is the mass fraction of
the phase; and µi and µt are the mass absorption
coefficients for the pure phase and the mixed sample,
respectively. Since the mass absorption coefficients of
two polymorphic forms of the same compound are
identical, the ratio of the intensities yields the mass
fraction directly.
The above theory is for the angle-dispersive form of

PXRD employing the Bragg-Brentano reflection geom-
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Table 1. Crystallographic Data for the â and γ
Polymorphs of Sulfanilamide

parameter â form γ form

a (Å) 8.975 7.95
b (Å) 9.005 12.945
c (Å) 10.039 7.79
â (deg) 111.43 106.50
Z 4 4
space group P21/c P21/c
density (g/cm3) 1.514 1.486

Ii/Ii0 ) Xi

µi
µt
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etry with fixed slits. It can also be applied to other
forms of PXRD provided the volume of sample involved
in diffraction remains constant. This is indeed the case
for EDXRD since the diffraction angle remains fixed,
which in turn keeps the diffracting volume fixed regard-
less of whether the geometry is transmission or reflec-
tion. Implicit in this assumption is that the bulk
density of the sample remains constant throughout the
transformation. In this respect we do expect some
inaccuracy in the data reduction, since in the â-to-γ
transformation there is about a 1.8% increase in volume
and this may introduce some changes in the bulk
packing of the sample during the transformation. An
internal calibrant was not employed as it would have
introduced significant peak overlap and complicated
analysis.
The EDXRD patterns of the pure â and γ forms are

shown in Figure 3. The significant reflections (100) and
(110) of the â phase and (100), (110), and (011) of the γ
phase were used in the determination of the mass
fractions. The integrated reflection intensities were
determined by means of profile fitting using the GE-
NIE29 suite of programs developed at the Rutherford
Appleton Laboratory, Didcot, Oxon, UK. The integrated
intensities were not normalized with respect to the
decay in the incident beam flux as the decay was

insignificant over the time frame of each kinetic experi-
ment (typically 6-9 min).
The R-time curves for the transformation at each of

the temperatures studied are shown in Figure 4. The

(29) David, W. F. I.; Johnson, M. W. K.; Knowles, J.; Morton-Smith,
C. M.; Crosbie, G. D.; Campbell, S. P.; Lyall, J. S., Rutherford Appleton
Laboratory publication no. RAL-86-102, 1986.

Figure 1. Energy-dispersive X-ray diffraction set up on beamline 9.7 at the SRS, SERC Daresbury Laboratory. (A) Solid-state
energy-dispersive detector; (B) detector collimation system; (C) ceramic oil-filled heating block; (D) sample; (E) rotating sample
holder; (F) fixed diffraction angle; (G) incident beam collimating system; (I) incident beam; (J) diffracted beam.

Figure 2. Time-resolved, energy-dispersive X-ray diffraction data for the â to γ transformation in sulfanilamide at 122.8 °C.

Figure 3. Energy-dispersive X-ray diffraction patterns of pure
â and γ forms of sulfanilamide.
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curves are sigmoidal in shape which is typical of many
solid-state transformations in bulk powder samples. The
time course of each of the curves is well characterized
by many data points, courtesy of the high time resolu-
tion of the EDXRD technique. The precision of the data,
as indicated by errors bars corresponding to (σ, is also
very respectable. The standard deviations are the
uncertainty in the profile fitting propagated through to
R. In general, both the maximum extent of the trans-
formation and the rate of transformation increase with
increase in temperature. With the exception of the data
collected at 122.8 °C the transformation fails to go to
completion but rather plateaus off. Reasons for this are
discussed later. A prerequisite however for kinetic
analysis is that the reaction does proceed to completion.
To overcome this problem, the data were rescaled to
100% converted so that for the purposes of analysis the
transformation appears to go to completion. This is
equivalent to ignoring any of the sample that remained
untransformed. Consequently, any rate constant de-
scribing the transformation relates only to that portion
of the sample that has actually transformed.
The rescaled data were tested for compatibility with

a range of solid-state kinetic expressions using the
computer program ISOKIN.30 This program tests the
experimental data against various kinetic models using
least-squares analysis and provides a ranking of the fits.
For all the data the Avrami-Erofeyev equation10,11 with
an exponent of 3 or 4 ranked the highest, being the
equation that most accurately described the data.
The Avrami-Erofeyev relationship assumes that the

transformation proceeds by a nucleation-and-growth
mechanism and takes into account the coalescence and
ingestion of other nuclei as the new phase grows.
Nucleation is assumed to be random, that is, if the
entire sample was divided into small equal volumes,
then the probability of a nucleus forming in each
element in unit time is the same. The theory also
assumes isotropic growth (equivalent growth rate in all

three crystallographic directions) and that the number
of potential nucleation sites are limited. The general
relationship takes the form:

where n can be

The R-time data were analyzed using this equation, and
the precise value of n was determined from a plot of
ln[-ln(1 - (R/Rmax))] vs ln t (shown in Figure 5) where
Rmax is the maximum observed value of R for each data
set. The exponent n is given by the gradient. The plots
are linear up to an R value of approximately 0.5.
Thereafter the transformation proceeds much more
slowly than that predicted by the Avrami-Erofeyev
relationship. This unpredicted retardation in the rate
is discussed later. Using the linear portion of the data
sets the mean value of the exponent n was determined
to be 3.5 ( 0.1. The rate constants were then estimated
from plots of -ln(1 - (R/Rmax))1/3.5 vs time. These plots
are shown in Figure 6.
Optical microscopy of the transformation revealed

that only one nucleus appears to form in each crystallite
and that this nucleus grows to engulf the entire crys-
tallite without a second nucleus forming. A series of
freeze frames showing this phenomenon in a typical
crystallite is shown in Figure 7. The growth pattern
from these single sites seems to possess a high degree
of angularity that indicates that the moving interface
might be following defined crystallographic directions.
This prompted an investigation to ascertain whether an
orientational relationship between the two phases (i.e.,
topotaxy) exists during the transformation. The respec-
tive parent and daughter phase extinction angles were

(30) ISOKIN, a program for modeling solid-state isothermal kinetic
data (1989). Developed and distributed by J. Anwar, Department of
Pharmacy, King’s College London, Manresa Road, London SW3 6LX,
U.K.

Figure 4. R-time curves for the â-to-γ transformation in
sulfanilamide at various temperatures.

Figure 5. Determination of the Avrami-Erofeyev exponent
n for the â-to-γ phase transformation in sulfanilamide. Due
to the significant curvature exhibited by the data above R
values of about 0.5, only the initial linear portions of each data
set were used to determine the mean slope and hence a value
of n.

-ln(1 - R) ) (kt)n

3 e n e 4 for three-dimensional growth

2 e n e 3 for two-dimensional growth or

1 e n e 2 for one-dimensional growth
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determined in 80 crystallites using crossed polarizors.
The distribution of the angle defined by the parent and
daughter extinction directions was observed to be
random. These data indicate that the â-to-γ transfor-
mation is not characterized by a topotactic relationship.
The important conclusion from the microscopy is that

the transformation in each crystallite proceeds from only
a single nucleation site. The implication is that since
coalescence of growing interfaces is not important, we

should expect departure from the Avrami-Erofeyev
model at high values of R, which is indeed the case. In
view of this, the data were tested using the alternative
kinetic model of Cardew et al.31 The Cardew kinetic
model describes the kinetics within the domain which
lies between nucleation-controlled kinetics and the
Avrami-Erofeyev model for which growth kinetics
dominate. It was derived specifically for powdered or
polycrystalline samples in which the transformation
resulting from one nucleation event is constrained to a
single crystallite within the sample. In such samples,
provided the number of potential nucleation sites per
crystallite are low, the coalescence and ingestion of
nuclei by the growing phase characteristic of the
Avrami-Erofeyev model are unimportant.
The Cardew model employs the ratio kN/kG to char-

acterize the transformation behavior, where kN and kG
are the nucleation and growth rate constants respec-
tively. As this ratio tends to infinity, that is multiple
nuclei occur within each crystallite, impingement of the
growing nuclei becomes important and the overall
kinetics follow the Avrami-Erofeyev model. As the
ratio tends toward zero, the number of nucleation events
per crystallite tends to unity, and the kinetics become
nucleation controlled and follow the first-order kinetic
model. The Cardew theory models the transformation
behavior between these two extremes. The ratio kN/kG
is sensitive to crystallite size; as the crystal size
decreases the number of potential nucleation sites per
crystal decrease hence causing the ratio to decrease.
This dependence of the kinetics on crystallite size makes
the Cardew model particularly suitable for powdered
samples.
A key feature of the model is that it yields separate

estimates of the rate constants kN and kG in contrast to
the Avrami-Erofeyev model for which only a composite
rate constant can be determined. The Cardew model
takes the form

where u is defined as kGt, and φ is the fraction of
crystallite that has transformed. For a random distri-
bution of nucleation sites within the bulk of the crystal

while for a random distribution of nucleation sites over
the crystal surface

The rate constants kN and kG were estimated using the
procedure outlined by Cardew et al. for each of the
temperatures studied. The nucleation rate constant kN
was obtained from a plot of -ln(1 - (R/Rmax)) vs time,
being the slope of the exponential region. When this
region is extrapolated to zero fraction converted, it
intersects the time axis to give what Cardew et al. have
termed the induction time for the transformation, τI.
From a graphical estimate of τI it is possible to deter-

(31) Cardew, P. T.; Davey, R. J.; Ruddick, A. J. J. Chem. Soc.,
Farad. Trans. 2 1984, 80, 659-668.

Figure 6. Avrami-Erofeyev plots for the â-to-γ transforma-
tion. Only the initial linear portions of the data sets (R < 0.5)
were used to determine the individual slopes and hence the
rate constant for each temperature.

Figure 7. â-to-γ phase transformation in a single crystal of
sulfanilamide at a temperature of 129 °C observed using a hot-
stage microscope. The images show the γ phase initiating at
a single nucleation site and then growing as a single crystal
within the parent â crystal. The well defined interfaces
bounding the crystal of the γ phase are clearly visable. The
transformation was complete in just under 3 s. The crystal is
about 1.7 mm in the longest dimension.

R(t) )
kN
kG

exp(-kNt)∫0kGtexp(kNkGu)φ(u) du

φ(u) ) u3(2 - u)3

φ(u) ) u3(2 - u)2
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mine kG through the following relationship:31

where f(a) is the fraction converted at time t ) 1/kG and
is given by

From a plot of {(kN/kG) + ln[1 - f(a)]} vs kN/kG a value
for kG can be obtained. The time constants evaluated
from such an analysis are listed in Table 2. The kG and
kN values were used in the Cardew equation to generate
a predicted R-time curve. The predicted Cardew and
Avrami-Erofeyev curves are shown plotted alongside
the observed data for the 122.8 °C experiment in Figure
8. The consistency between the observed data and the
Cardew model, which is typical of data sets at other
temperatures, is very good up to R values of about 0.85.
In this range the Cardew model is significantly better
than the Avrami-Erofeyev model. At higher values of
R, however, the Cardew model deviates markedly from
the observed data.
Since the Avrami-Erofeyev model describes the data

with a high degree of precision up to values of ap-
proximately 0.5, it was decided to use the rate constants
obtained by this analysis to construct an Arrhenius plot.
To compare the data treated in this fashion with that
obtained from the Cardew kinetic model, the individual

Cardew rate constants for growth (kG) and nucleation
(kN) were reduced to an overall rate constant (k′). This
was achieved through the following relationship taken
from Cardew et al.:31

The rate constants are tabulated in Table 3. The
respective Arrhenius plots for both models are shown
in Figure 9. Both plots are linear, the correlation
coefficients being 0.960 and 0.978 for the Avrami-
Erofeyev model and the Cardew model, respectively.
Arrhenius plots were also constructed for both the

nucleation and growth rate constants (obtained using
the Cardew model) and are shown in Figure 10. The
corresponding activation energies and preexponential
frequency factors characterizing the two processes are
listed in Table 4.

Discussion

A sigmoidal R-time curve is typical of many solid-state
phase transformations regardless of the underlying
topological mechanism. Consequently it can be difficult
to distinguish between the various kinetic models purely
on the basis of modeling the R-time data. This problem
is compounded when trying to analyse curves based on
relatively few data points and where each determination
is imprecise. The need for high-quality, high-precision
quantitative data is paramount. The R-time curves
shown in Figure 4 clearly illustrate the high quality of

Table 2. Kinetic Parameters for the â-γ Transition in
Sulfanilamide Evaluated Using the Cardew Model

temp (°C) τI (s) ba 1/kN (s) 1/kG (s) kN/kG f(a)

122.8 97 0.670 35 145 4.14 0.79
119.2 113 0.674 39 168 4.31 0.80
118.8 115 0.648 51 177 3.47 0.74
117.1 122 0.645 56 189 3.38 0.73
116.5 129 0.647 59 199 3.37 0.73
114.7 147 0.633 77 232 3.01 0.70
111.2 162 0.606 125 267 2.14 0.59
a b is equal to τIkG which is the slope of the plot {(kN/kG) + ln[1

- f(a)]} vs kN/kG.

Figure 8. Predicted Cardew and Avrami-Erofeyev R-time
curves for the â-to-γ transformation in sulfanilamide at 122.8
°C superimposed on the observed data.

τI ) 1
kN{kNkG + ln[1 - f(a)]}

f(a) )
kN
kG

exp(-
kN
kG)∫01exp(kNkGu)φ(u) du

Figure 9. Arrhenius plots for the â-to-γ transformation in
sulfanilamide using rate constants determined from the
Avrami-Erofeyev analysis and the Cardew analysis.

Table 3. Rate Constants for the â-γ Transition in
Sulfanilamide

temp (°C)
k (Avrami)
(×10-3 s-1)

k′ (Cardew)
(×10-3 s-1)

kN
(×10-2 s-1)

kG
(×10-3 s-1)

122.8 8.548 6.198 2.857 6.897
119.2 7.353 5.297 2.464 5.952
118.8 6.757 4.691 1.961 5.650
117.1 6.667 4.318 1.786 5.291
116.5 5.714 4.070 1.695 5.025
114.7 4.884 3.307 1.299 4.310
111.2 3.929 2.553 0.800 3.745

k′ ) [ 2kN( 1kG)3]1/3.5
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data obtained using the real-time EDXRD technique.
Each curve is well characterized with a large number
of data points and each data point is known to a high
precision (σ(R) < 0.015).
The â-to-γ transformation in sulfanilamide as ob-

served microscopically in single crystals proceeds via a
single nucleus. The nucleus of the γ phase grows with
defined interfaces until the crystal is entirely trans-
formed. Extinction studies reveal that in general the
transformation is of the type single crystal to single
crystal. This is rather uncommon in molecular crystals
and requires that the increase in volume associated with
the transformation (about 1.8 ( 0.5% for â to γ) is
accommodated in some specific manner. More com-
monly the stress induced by the change in volume
causes a massive disruption of the crystal resulting in
a polycrystalline sample, with the crystal either crack-
ing but retaining its overall morphology or fragmenting.
As to how the strain might be relieved for the â-to-γ
transformation without disrupting the crystal may be
inferred from the electron micrograph of the trans-
formed crystal in Figure 11. The surface of the trans-
formed crystal shows regular corrugation, indicative of
counter-slippage of lattice planes which maintain the
coherency of the lattice and at the same time accom-
modate the volume change. The extinction studies also
reveal that the lattices of the two phases do not exhibit
any specific orientational relationship (i.e., topotaxy)
during the transformation. The implication is that
there is no one defined molecular pathway for this
transformation.
The R-time curves shown in Figure 4 clearly reveal

the complex nature of the kinetics governing the â-to-γ

transformation. With the exception of the 122.8 °C
dataset, the transformation fails to go to completion and
plateaus off within the time scale of the experiment. Not
only is the rate of transformation influenced by tem-
perature but also the extent to which it proceeds, the
maximum extent of transformation being greater at
higher temperatures. This behavior is not common but
appears to be a characteristic of phase transitions in
polycrystalline or powdered samples.17b,32 It can be
explained in physical terms using Magee’s32b ideas. The
nucleation sites, being sites of lattice defects and
imperfections, are characterized by a distribution of
activation energies. In a powdered sample these sites
will be randomly distributed throughout the crystallite
population. Consequently, at any given temperature
only those crystallites that contain nuclei for which the
probability of activation is significant will transform.
All others will remain untransformed. At higher tem-
peratures, crystallites containing sites with higher
activation energies become involved, thereby increasing
the overall extent of the transformation. In contrast,
transformations in samples consisting of larger crystals
almost invariably go to completion. Here, although
there is still a distribution of activation energies char-
acterising the defects, only the minimum activation

(32) (a) Cech, R. E.; Turnbull, D. AIME Trans. 1956, 206, 124-
132. (b) Magee, C. L. Metall. Trans. 1971, 2, 2419-2430. (c)
Raghaven, V.; Cohen, M. Metall. Trans. 1971, 2, 2409-2418.

Figure 10. Arrhenius plots for the â-to-γ transformation in
sulfanilamide using the separate nucleation and growth rate
constants determined from the Cardew analysis.

Table 4. Thermodynamic Data for the â-γ Transition in
Sulfanilamide

kinetic model Eq (kJ mol-1) Arrhenius constant (s-1)

Cardew et al. 101 ( 7 1.3 × 1011
Avrami-Erofeyev 89 ( 8 4.6 × 109
Cardew et al.
nucleation 142 ( 14 2.0 × 1017
growth 70 ( 4 1.1 × 108

Figure 11. Electron micrographs of a single crystal of
sulfanilamide before (a) and after (b) undergoing a transfor-
mation from the â to the γ form. The corrugated appearance
of the surface of the γ form suggests widespread slippage of
lattice planes during the transformation.
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energy, Eq
min, is important. If each crystal is large

enough to contain at least one site characterized by
Eq

min, then the nucleation of each of these sites is
sufficient to cause transformation of each crystal and
hence the whole sample. Sites of higher activation
energy become consumed during the transformation and
therefore remain unimportant.
A framework of kinetic analysis that attempts to

include the refinement of a distribution of activation
energies has been proposed by Magee.32b This proce-
dure, however, includes additional parameters that are
unknown for the â-to-γ transformation. Conventional
kinetic analysis requires that the transformation pro-
ceeds to completion. To progress from this complication,
the data for each temperature have been normalized
with respect to the maximum extent of transformation,
Rmax. In physical terms this means that any of the
sample which remains untransformed is ignored. Con-
sequently, the rate constant(s) for each isothermal
temperature will be characteristic only for the portion
of sample that transformed at that temperature and not
the whole sample. This will also be reflected in the
mean activation energy characterizing each of the
different portions of sample; the mean activation energy
will be greater for a portion of sample transformed at a
higher temperature, since crystallites that would have
remained unreacted at a lower temperature now also
become involved. There is, of course, some overlap since
the fraction transformed at any lower temperature is a
subset of the fraction transformed at any higher tem-
perature. The expectation from these considerations is
that the mean activation energy, determined using the
procedure outlined, should show a continuous increase
with increase in temperature. In many instances,
however, this expected increase in mean activation
energy may be offset by what is termed the compensa-
tion effect.33 This phenomenon arises due to the thermal
expansion of the lattice which tends to reduce the
activation energy for nucleation by increasing steric
freedom. How these two opposing effects affect the
shape of the Arrhenius plot will depend on the substance
being studied. The Arrhenius plots for the â-to-γ
transformation do not enable any categorical conclusions
to be drawn in this respect.
The Avrami-Erofeyev equation was developed specif-

ically to describe the kineics of solid-state phase trans-
formations. Indeed, it ranks topmost in modeling the
â-to-γ transformation data using regression analysis.
Despite this success, there is significant departure
between the observed data and the Avrami-Erofeyev
model at R > 0.5. In comparison the Cardew model,
which was derived specifically for powdered samples
where growth becomes restricted by crystallite bound-
aries, gives very good agreement with the observed data
but only up to R values of about 0.85 (see Figure 8).
Above this the Cardew model goes through a maximum
and then sharply drops toward the time axis. Closer
analysis of the Cardew function has revealed that this
behavior is characteristic of this model and does not
imply that the present data are outside the legitimate
scope of this function. It is therefore clear that the
current analytical functions are not wholly adequate for

modeling the complex kinetics observed. An alternative
approach, albeit not as elegant as an analytical solution,
is to employ numerical simulation. This approach is
feasible since the topological processes involved in phase
transitions of a polycrystalline samples are well under-
stood. Such an approach should also enable the incor-
poration of a distribution of activation energies.
The activation energies and preexponential factors for

the â-to-γ transformation determined from both the
Avrami-Erofeyev and the Cardew analysis (with a
composite rate constant) are listed in Table 4. Consid-
ering the heterogeneous nature of solid-state phase
transformations, the activation energies from the two
procedures, 89 ( 8 kJ/mol (Avrami-Erofeyev) and 101
( 7 kJ/mol (Cardew) are not considered to be signifi-
cantly different. This is expected as both kinetic models
are based on a mechanism of nucleation and growth and
the Cardew model is a refinement of the Avrami-
Erofeyev model. The magnitude of the activation
energy is within the expected range for molecular
crystals, namely, 100-200 kJ/mol.33 The preexponen-
tial frequency factor in a solid-state transformation is
commonly reconciled with the lattice vibration frequency
which is of the order of 1013 s-1. This value is usually
taken to be a good check on thermal kinetic analysis.
Estimates that differ markedly from this value are
indicative of complications. The values of 109 s-1

(Avrami) and 1011 s-1 (Cardew) for the present analysis
are respectable.
The fundamental parameters characterizing the ki-

netics are the activation energies Eq
N and Eq

G for the
nucleation and growth processes, respectively. Associ-
ated with these parameters are the rate constants kN
and kG. In general, it is not possible to estimate the
individual parameters from an R-time curve, and one
can only extract an overall rate constant. Indeed this
is the case with the usual form of the Avrami-Erofeyev
model. The Cardewmodel, on the other hand can under
certain circumstances enable the estimation of both the
rate constants. This depends on the ratio of the rate
constants. When this ratio is away from the two
extremes of zero (nucleation-controlled kinetics) and
infinity (Avrami-Erofeyev kinetics) then both constants
can be determined. The ratio kN/kG for the â-to-γ
transformation is on average about 3.4, thus enabling
the individual rate constants to be estimated. The
corresponding estimates for the activation energies are
142 ( 14 and 70 ( 4 kJ/mol for the nucleation and
growth processes, respectively. This suggests that the
transformation is dominated by nucleation. This would
seem reasonable as nucleation is clearly the limiting
step for the portion of sample that remains untrans-
formed at any given temperature.
In summary, energy-dispersive X-ray diffraction is a

powerful real-time technique that has been shown to
be ideal for the study of rapid phase transformations.
It yields accurate data and has been successfully
employed to characterize the â-to-γ polymorphic phase
transformation in the drug sulfanilamide. The kinetics
of the transformation are complex and suggest that the
powdered samples may be characterized by a distribu-
tion of activation energies rather than a single value.
Despite this, analysis of the kinetic data has been
attempted using the kinetic models of Avrami-Erofeyev
and Cardew et al. The Cardew model, which is specific

(33) Brown, W. E.; Dollimore, D.; Galway, A. K. Reactions in the
Solid State, Bamford, C., Tipper, C., Eds.; Elsevier Scientific Publishing
Co.: Amsterdam, 1980; Vol. 22 of Comprehensive Chemical Kinetics.
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for a polycrystalline sample and thus the most ap-
propriate for the present samples, was found to best
describe the data, albeit not totally satisfactory. Ad-
ditional microscopic evidence supports the use of this
model. Finally it is clear from the study that although
the possible topological mechanisms are conceptually
well understood, the current analytical kinetic models
(including the Avrami-Erofeyev and the Cardew mod-
els) are not wholly adequate in describing the complex
kinetics observed.
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