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a b s t r a c t

Although screening for organic polymorphs has become a hot topic in recent years, polymorph screens
continue to be largely based on solution crystallization. Other routes to different crystal forms, such as
grinding, annealing, and melt crystallization can also be used to look for polymorphs when chemical
stability allows. Thermal analysis is often the first method for identifying polymorphic transitions in
vailable online 5 November 2008

eywords:
ifferential scanning calorimetry
-ray diffraction

nfrared spectroscopy

solids. However, reconciling the thermal data with the structural data is rarely straightforward without
a single crystal X-ray structure. By using differential scanning calorimetry, infrared spectroscopy, and
powder X-ray diffraction, the polymorphic transitions of malonamide have now been studied, and two
solid state pathways, solid state grinding and annealing, are verified to independently yield the tetragonal
polymorph of malonamide from the monoclinic form. In addition, melt recrystallization yields a third
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polymorph, which has now

. Introduction

Thermal analysis is a heavily used method of identifying poly-
orphic transitions in solids. Differential scanning calorimetry

DSC) can provide the temperature at which a thermal event occurs
nd also the temperature window for the stability of the phase
efore the next transition event. The DSC thermogram can be used
s a map to identify alternate routes to different crystal forms, such
s the use of annealing or melt recrystallization, instead of the more
ommon solution crystallization [1]. However, DSC cannot identify
he exact structural nature of the thermal event, whereas tech-
iques catering to solid state analysis, such as infrared spectroscopy
IR) or X-ray diffraction (XRD), provide structural information with-
ut the thermal context. When thermal or mechanical routes [2] do
ot lead to new solid phases that are amenable to structural charac-
erization using single crystal X-ray diffraction, this limitation can
ow by overcome by advances in powder X-ray diffraction (PXRD),
hich allows for structure determination directly from polycrys-
alline samples. Therefore, by applying thermal analysis with PXRD
nd IR, a complete picture of how each thermal event in a DSC
hermogram is related to the individual solid forms is theoretically
chievable. In our investigations of alternate pathways to discover-
ng and obtaining polymorphs, we studied the polymorphic nature

∗ Corresponding author.
E-mail address: echeung@its.jnj.com (E.Y. Cheung).
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n confirmed to be the orthorhombic polymorph.
© 2008 Elsevier B.V. All rights reserved.

f malonamide. Previous DSC and XRD studies of this compound
ointed towards the existence of more than one phase [3–5], but
tructure–thermal relationship were not established and remained
lusive, with one form being considered a possible example of a
disappearing polymorph” because it could not be grown or iso-
ated again [5] (Fig. 1).

. Experimental

A TA Instrument Q1000 DSC was used for the DSC measure-
ents. Specimens were weighed into an aluminum hermetic

ample pan and sealed by crimping. The sample pan was loaded
nto the apparatus and the thermogram was obtained by individu-
lly heating the sample from ambient to 200 ◦C at a rate of 10 ◦C/min
sing an empty aluminum hermetic pan as a reference. Dry nitro-
en gas was used as a sample purge gas and the flow rate was set
t 50 mL/min. Thermal transitions were viewed and analyzed using
he TA analysis software provided with the instrument.

X-ray powder diffraction patterns were obtained using the
/Max Rapid X-ray Diffractometer equipped with a copper source

Cu K� 1.5418 Å), manual x–y stage, and 0.3-mm collimator. Spec-
mens were loaded into a 0.7-mm boron rich glass capillary tube.
he loaded capillary was mounted in a holder secured into the x–y

tage. The diffraction patterns were acquired under ambient con-
itions at a power setting of 46 kV at 40 mA in reflection mode,
hile oscillating about the ω-axis from 0◦ to –5◦ at 1◦/s and spin-
ing about the �-axis at 2◦/s. The exposure time was 5 min. The
iffraction patterns were integrated over 2� from 2◦ to 70◦ and

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:echeung@its.jnj.com
dx.doi.org/10.1016/j.tca.2008.10.019
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Fig. 1. Structure of malonamide.
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at ca. 2000 rpm in an in-house modified mechanical shaker. The
orthorhombic form was obtained by melting the commercial phase
at 184 ◦C and allowing the sample to cool in the oven to room
temperature.
ig. 2. DSC traces of the commercial phase (a) and the phase obtained from grinding
b).

(1 segment) from 0◦ to –360◦ at a step size of 0.02◦ using the
ylint utility in the RINT Rapid display software provided with the
nstrument. The dark counts value was set to 8 as per the system
alibration; normalization was set to average; the ω offset was set
o 180◦.

Malonamide was obtained from Sigma–Aldrich. The tetragonal
orm of malonamide was obtained in two ways, by annealing or
y grinding. In the former, 100 mg of the commercial form of mal-

namide was placed in a 10 mL vial in an oven set at 136 ◦C and
ncubated for 18 h. Grinding experiments were performed by the
ddition of 40 mg of malonamide and stainless steel bearings into
.5 mL stainless steel capsules, followed by shaking for ca. 10 min

able 1
nit cell data from the polymorphs of malonamide.

nit cell data Monoclinic [6] Tetragonal [4] Orthorhombic [5]

(Å) 13.07(2) 5.3140(3) 5.3602(9)
(Å) 9.45(2) 5.3140(3) 7.5178(8)
(Å) 8.04(2) 15.5360(12) 11.791(2)
(◦) 73.0(2) 90.0000 90.0000
(Å3) 949.6 438.7 475.1

8 4 4
pace group P21/c P43212 Pbcn F

o

ig. 3. (a) The Rietveld difference plot for the commercial (monoclinic) phase of
alonamide. (b) The Rietveld difference plot for the malonamide phase obtained

rom grinding (tetragonal).
ig. 4. Flowchart outlining the relationships among the three polymorphs of mal-
namide.
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. Results and discussion

The DSC thermogram and powder X-ray diffraction pattern of a
ommercial sample of malonamide were obtained. The DSC trace
ave a clear indication that a small endotherm (endotherm range
35.48–139.21 ◦C; �H = 13.67 J/g) precedes the melt at ca. 170 ◦C

melting range 172.09–173.53 ◦C; �H = 227.4 J/g) (Fig. 2a).

For many years, the only known polymorph was monoclinic,
ith two molecules in the asymmetric unit (Z′ = 2), obtained by

rystallization from water (Table 1) [6]. Comparison of the pow-
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Fig. 5. The IR spectra for the commercial phase (a
imica Acta 482 (2009) 57–61 59

er X-ray diffraction pattern of commercial malonamide with the
imulated powder X-ray diffraction pattern using the structural
oordinates of the originally discovered monoclinic phase indicated
ery good overlap. A full Rietveld refinement of this phase with the
owder X-ray diffraction data of the recrystallized material gave a
ood Rietveld difference plot (Fig. 3a), clearly demonstrating that

he monoclinic phase (Form I) is actually the commercial phase [7].

The commercial material can be used as the starting point
or solid-state grinding in the stainless steel capsules (Fig. 4),
fter which we found complete and reproducible conversion to a

) and the phase obtained from grinding (b).
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ifferent phase as monitored by IR spectroscopy (Fig. 5) and powder
-ray diffraction (Fig. 3b). Although localized heating is possible at
he point of impact between the steel bearing, compound, and the
ontainer, the internal temperature of the stainless steel capsule
as measured to rise no higher than 30 ◦C, well below 170 ◦C, the
elting point of malonamide. The IR spectra of the two phases dif-

er considerably, especially in the carbonyl stretching and the N–H
tretching regions (Fig. 5). In the IR spectrum of the monoclinic
hase, the region from 3000 to 3500 cm−1, which encompasses the
–H stretching bands, shows a broad band at 3400 cm−1 followed
y a sharper band at 3200 cm−1. The IR spectrum of the sample
fter grinding shows that the intensities of the two main peaks in
his region are reversed, and that the band at the higher frequency
s now narrow instead of broad. These two spectra illustrate that
he two phases have dissimilar hydrogen bonding environments.

As this new phase can be prepared reproducibly by grinding, a
SC thermogram of the pure phase could be recorded and com-
ared with that of the commercial product (Fig. 2). The small
ndotherm evident at ca. 135–139 ◦C in the commercial material is
o longer present in the thermogram of the new phase. Other than
he loss of this feature, the two DSC traces are identical (melting
ndotherm of the new phase = 171.59–172.48 ◦C; �H = 285.0 J/g).
he endotherm in the DSC data of the commercial material is there-
ore suggestive of a phase transition. The commercial phase is stable
ntil this transition temperature, after which it converts to the new
hase which then melts. To prove this, a sample of commercial mal-
namide was annealed at 136 ◦C for 18 h (Fig. 4) and its powder
-ray diffraction pattern was recorded. The diffractogram matched
hat of the phase obtained by solid state grinding. Clearly, the new
olymorph can be obtained by either grinding or by incubation
bove the phase transition.

Because this new phase did not yield crystals suitable for sin-
le crystal X-ray diffraction, structure determination directly from
owder X-ray diffraction data was carried out using the pow-
er pattern from the ground sample. Unit cell indexing followed
y Pawley refinement enabled structure solution of a tetragonal
olymorph (Form II) from the powder X-ray data [8]. This tetrag-
nal phase had been observed from solution crystallization. The
uthors reported that the tetragonal phase could not be grown
gain from solution even after crystallization attempts at different
ocations (calling it “a disappearing polymorph”). They observed
n orthorhombic phase during their repeated attempts instead of
he tetragonal or monoclinic phases. Using our diffraction data, a
ull Rietveld refinement [9] was carried out using the structural
oordinates of the published tetragonal polymorph. The success
f the refinement (Fig. 3b) demonstrates without doubt that the
etragonal polymorph obtained either through grinding or high
emperature annealing is the same tetragonal polymorph that had
reviously eluded attempts at isolation.

The DSC thermograms of the pure monoclinic and pure tetrago-
al phases offer an important clue to establishing the relationship
etween them and the orthorhombic form. Because no other fea-
ures are found in the DSC data from these two phases, it is probable
hat the phase transition to the orthorhombic phase occurs above
he melting point of tetragonal malonamide, and that a monotropic
elationship exists between the two phases. Commercial malon-
mide was melted, held at 180 ◦C for 20 min prior to cooling, and
he DSC thermogram, IR spectrum, and powder X-ray diffraction
attern were recorded for the recrystallized solid (Fig. 6). The data
rom all three techniques show that the solid is distinct from the
onoclinic and tetragonal phases. The DSC result gives the melting
alue as 160.66–163.78 ◦C (�H = 277.4 J/g). Full Rietveld refinement
10] using the powder diffraction data and the coordinates of the
rthorhombic phase (Form III) result in an excellent refinement and
ietveld difference plot (Fig. 6c), thereby confirming that recrystal-
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ig. 6. DSC, IR, and PXRD data for the melt recrystallized phase of malonamide.

ization via the melt provides a straightforward avenue to obtaining
his third polymorph.

The physical stability of the metastable tetragonal and
rthorhombic phases was monitored at room temperature, and it
as found that the tetragonal phase kept at ambient conditions

lowly converts to the monoclinic phase over the course of weeks.
he orthorhombic polymorph seems to be less stable, and converts
o the tetragonal phase over a matter of days or less, which then
everts slowly to the monoclinic phase. Thus, the monoclinic form
an always be obtained under ambient conditions, and the iden-

ity of the form which is isolated depends on when the crystals are
arvested.

In conclusion, easy and reproducible access to the three known
olymorphs of malonamide are now possible. By using PXRD and
ietveld analysis in conjunction with the thermal and IR data, the
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[9] Rietveld refinement details for the tetragonal phase: a = 5.30828(31) Å,
E.Y. Cheung, M.L. Peterson / The

orm assignments could be resolved. In addition, we have uncov-
red two routes to the tetragonal phase, which was considered as a
disappearing polymorph”. One notable aspect of the study is that
he polymorphic nature of this system has resulted in the melt-
ng point of the metastable tetragonal phase of malonamide being
eported as the melting point of the commercially available mon-
clinic form of malonamide in the chemical literature. The results
n this paper thus emphasize that reported chemical or physical
roperties in the literature for a compound may inadvertently be
ssembled from several distinct solid phases.
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