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Polymorphism of an isoniazid
derivative derivatized with diacetone alcohol†

Matthew C. Scheepers, Manuel A. Fernandes and Andreas Lemmerer *

Isoniazid was derivated with diacetone alcohol in a Schiff-base reaction in order to yield N0-[(2E)-4-
hydroxy-4-methylpentan-2-ylidene]pyridine-4-carbohydrazide. The resulting product was determined

to be polymorphic, exhibiting two crystal forms: form I and form II. From the crystal structure

determination using SC-XRD it was determined that form I crystalizes in the C2/c space group while

form II crystalizes in the P21/c space group. The hydrogen bonding patterns of both forms are

distinctively different from each other: form I forms a chain hydrogen bond motif by forming a hydrogen

bond between the hydroxyl group and the oxygen of the amide group while form II forms dimers with

a ring hydrogen bond motif forming between the hydroxyl group and the pyridine group. From DSC

analysis form I and form II are enantiotropically related, with form I converting to form II at 132.3 �C
before melting at 142.3 �C. Based on both experimental and computational evidence, we conclude that

form I is a metastable form, with form II being the most stable form. This is another case of

a “disappearing polymorph.”
1 Introduction

Polymorphism is the phenomenon where a compound can exist
in more than one crystal structure.1,2 Many APIs have been
determined to be polymorphic, with the number of known
polymorphic forms being dependent on the time and effort
used to search for more forms. For APIs, properties such as
solubility, dissolution rate, appearance, etc.3,4 can differ
between different polymorphs. For pharmaceuticals this
becomes signicant. On one hand it is possible to obtain a new
polymorph with better properties than the older known form.5,6

On the other hand, the appearance of a new polymorph can be
detrimental, such as the case of Ritonavir, where the new form
was thermodynamically more stable than the original form with
poorer physicochemical properties that led to Abbott with-
drawing the drug from themarket and losing millions of dollars
in the process. Therefore, for new and existing APIs the need to
adequately screen for polymorphs and characterize them
becomes crucial for the success of an API entering the market.

Isoniazid, an anti-bacterial oen combined with p-amino-
salicylic acid and streptomycin, is used as an effective treatment
for tuberculosis (TB).7 Isoniazid itself is a fairly simple drug
molecule consisting of primarily an amide, a pyridine and
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a hydrazine group. Only until recently was isoniazid considered
to be monomorphic, with at least three forms reported in total
so far.8 The rst and most stable crystal structure of isoniazid
consists of a series of interconnected N–H/N hydrogen bonds
that form a spiral-type structure.9,10 These interactions can be
reduced by changing the primary amine to either a secondary
amine or to an imine.11–17 This effectively could leave the amide
group as the only strong hydrogen bond donor, and thus could
possibly allow one to design co-crystals with more robust
intermolecular interactions involving the pyridine ring.18 These
hydrazine derivatives of isoniazid also tend to be poly-
morphic.11,19–21 From a crystal engineering perspective, this
offers two signicant advantages: the rst being better control
over the hydrogen bond pairs (and thus also gives greater degree
of predictability and ease of control),22,23 and two, properties
which are further tuneable by selecting the polymorph with
better physicochemical properties or stability. Together with the
possibility of improving the inherent bioavailability of isoni-
azid, the advantages of derivatizing isoniazid should prove
advantageous.

The title compound N0-[(2E)-4-hydroxy-4-methylpentan-2-
ylidene]pyridine-4-carbohydrazide (iz4h4m2p, see Scheme 1)
was synthesized by reacting isoniazid with diacetone alcohol (4-
hydroxy-4-methyl-2-pentanone, 4h4m2p) in a Schiff-base reac-
tion. iz4h4m2p was rst reported in a previous work in a coc-
rystal with 4-tert-butylbenzoic acid24 but the crystal structure of
iz4h4m2p by itself had not been reported. 4h4m2p was used
due to the presence of the hydroxyl group, which could possibly
allow the formation of an intramolecular hydrogen bond
between the hydroxyl group and amide, while the remainder of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ortep diagram of form I. Atomic numbering used is the same
for both forms.
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the aliphatic backbone could be used to increase the lipophilic
character of isoniazid, which has been an approach used to
improve isoniazid.25 We wanted to explore the potential of
a Schiff-base derivatised form of isoniazid with varying func-
tional groups to expand the range of potential coformers that
could be used for different crystal engineering purposes. This
required an understanding of the intermolecular interactions
present in the pure form of iz4h4m2p in a crystal structure. In
an effort to characterize said structure, it was discovered that
this compound was polymorphic. Hence, the objective of this
work was to explore the polymorphism of this compound using
traditional screening methods. Two polymorphic forms of
iz4h4m2p were discovered, which were then characterized by
SC-XRD, PXRD, DSC and FTIR.
2 Experiment
2.1 Materials

All materials were purchased from Sigma-Aldrich, and were
used as is without further purication.
2.2 General procedure for synthesis of iz4h4m2p

A general method of obtaining iz4h4m2p is given as follows:
0.250 g of isoniazid (1.82 mmol) was dissolved in 10 mL of
ethanol (absolute). A few drops (0.5 mL) of 4h4m2p was added
to this mixture. This solution was reuxed for 18 h, aer which
it was transferred to vial, which was kept loosely open. Crystals
of were grown from this mixture aer several days. The different
methods used to obtain the different crystal forms is given in
the results and discussion.
2.3 General procedures for characterization methods

Powder X-ray diffraction (PXRD). Powder X-ray diffraction is
used to determine the bulk phase purity of each sample. PXRD
data for all forms were measured at 293 K on a Bruker D2 Phaser
diffractometer which employs a sealed tube Co X-ray source (l¼
1.78896 �A), operating at 30 kV and 10 mA, and LynxEye PSD
detector in Bragg–Brentano geometry. Powder patterns for both
forms is present in the ESI,† where the experimentally
measured pattern is compared to the calculated patterns ob-
tained from the SC-XRD data (Fig. 1).

Single crystal X-ray diffraction (SC-XRD). The Bruker D8
VENTURE PHOTON CMOS 100 area detector diffractometer,
equipped with a graphite monochromated MoKa1 (l ¼ 0.71073
�A) sealed tube (50 kV, 30 mA), was used to collect all the
intensity data. Crystal structures were determined at 173 K and
Scheme 1 Schiff-base reaction of isoniazid with 4h4m2p to form
iz4h4m2p.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to achieve satisfactory thermal ellipsoids. The program SAINT+,
vers. 6.02 was used to integrate the data and the program
SADABS27 was used to make empirical absorption corrections.
Space group assignments were made using XPREP26 on all
compounds. In all cases, the structures were solved in the
WinGX28 Suite of programs by intrinsic phasing using SHELXT29

and rened using full-matrix least-squares/difference Fourier
techniques on F2 using SHELXL.29 All non-hydrogen atoms were
rened anisotropically. All carbon-bound hydrogen atoms were
placed at idealized positions and rened as riding atoms with
Uiso parameter 1.2 or 1.5 times those of their parent atoms.
Fig. 2 The crystals structures of form I and form II showing: (a) the
chain hydrogen bond motif found in form I, (b) the crystal structure
packing of form I (with hydrogen omitted for clarity), (c) the dimer with
the ring hydrogen bond motif, (d) the crystal structure packing of form
II (with hydrogen omitted for clarity) and (e) the molecular overlay of
iz4h4m2p molecules from the asymmetric units of form I (blue) and
form II (green).
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Table 1 Hydrogen bond table for the crystal structures of form I and
form II of iz4h4m2p

D–H/A d(D–H) d(H/A) d(D/A) :(DHA)

Form I
N2–H2A/O2 0.888(19) 1.888(19) 2.7220(18) 156(2)
O2–H2B/O1 (i) 0.84(2) 1.89(2) 2.7088(15) 164(2)

Form II
N2–H2A/O2 0.898(15) 1.913(15) 2.7370(13) 152(12)
O2–H2B/N1 (ii) 0.892(19) 1.903(19) 2.7778(13) 166(16)

Symmetry transformations used to generate equivalent atoms: (i) x, y �
1, z (ii) �x + 1, �y + 1, �z + 1.

Fig. 3 The Hirshfeld surfaces for form I and form II with (a)–(e) rep-
resenting the di, de, dnorm, shape index and curvedness respectively for
form I and (f)–(j) representing the di, de, dnorm, shape index and
curvedness respectively for form II.

Fig. 4 The comparison of the contributions for each contact towards
the Hirshfeld surface area between form I and form II.

Fig. 5 The FTIR spectra for isoniazid, form I and form II of iz4h4m2p.

Fig. 6 DSC curves for the polymorphs of iz4h4m2p.

Table 2 Thermodynamic information regarding the DSC curves

Property Form I Form II

Tfus
a [�C] 139.7 � 0.1 142.6 � 0.1b

142.1 � 0.1 c

DfusH [kJ mol�1] 32.3 � 0.8 33.93 � 0.8 b

33.17 � 0.9 c

DfusS
d [J K�1 mol�1] 78.2 � 1.9 81.6 � 1.9b

79.9 � 1.9c

Transition to mod I / II —
Ttrans 132.29 � 0.1b —
DtransH [kJ mol�1] 3.51 � 0.8b —
DtransS [J K�1 mol�1] 8.65 � 1.9b —

a This is the onset temperature. These melting peaks may not
necessarily represents pure melting, as the sample may have started
decomposing beyond this point. b From the slow curve of form I.
c From the curve of form II. d From the expression DS ¼ DH/T.

RSC Advances Paper
Nitrogen-bound and oxygen-bound hydrogen atoms were
located in the difference Fourier map and their coordinates and
isotropic displacement parameters rened freely. Diagrams and
publication material were generated using ORTEP-3 30 and
MERCURY.31 The crystallographic information can be found in
the ESI in Table S1.†

Hirshfeld surface analysis. Hirshfeld surface analysis is
a computational method that can be used to explore intermo-
lecular interactions in molecular crystals that are weaker than
hydrogen bonds, as well as to determine the ‘shape’ of molec-
ular fragments, which are key to understanding the overall
11660 | RSC Adv., 2022, 12, 11658–11664
packing. The gures and ngerprint plots presented in this
work were generated using Crystal Explorer 17.5.32 All images
were generated using a high (standard) resolution.

FTIR analysis. FTIR spectra was collected using the Bruker
Alpha II model equipped with the Eco-ATR sampling module.
Background noise was subtracted and small amount of the
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 The energy vs. temperature diagram showing the enantiotropic
relation between form I and form II.

Fig. 8 Hot stage microscopy images showing a block of form I at
room temperature (a). The crystal starts undergoing a phase transition
at 125 �C (b) before finishing at around 135 �C (c). Melting occurs after
140 �C (d). Form II for most of its time from 25–140 �C until melting (f).

Paper RSC Advances
sample of interest was placed onto the ATR crystal. Spectra were
measured from 600 to 4000 cm�1 range, resolution 4 cm�1 with
24 scans per sample. Spectra were collected using the ATR-FTIR
in a room with air conditioning set at 22 �C. Aer spectral
acquisition the ATR crystal was cleaned using isopropanol.

Differential scanning calorimetry (DSC). Differential scan-
ning calorimetry data were collected using aMettler Toledo DSC
3 with aluminium pans under nitrogen gas (ow rate ¼ 10
mL min�1). Exothermic events were shown as peaks. Samples
were heated and cooled to determine melting points as well as
any additional phase transitions. The temperature and energy
calibrations were performed using pure indium (purity 99.99%,
© 2022 The Author(s). Published by the Royal Society of Chemistry
m.p. 156.6 �C, heat of fusion: 28.45 J g�1) and pure zinc (purity
99.99%, m.p. 479.5 �C, heat of fusion: 107.5 J g�1). Samples were
heated to 250 �C from 25 �C before being cooled back down at
25 �C at a heating or cooling rate of 10 �Cmin�1 or 40 �Cmin�1.

Hot stage microscopy. Hot stage microscopy was done on an
Olympus SZ61 equipped with a Koer hot bench. Images were
captured using an Olympus EP50 camera. Various heating and
cooling techniques were applied to capture the phase
transitions.

Calculations. Intermolecular energies at 0 K of form I and II
were calculated using PIXEL33,34 as incorporated in the August
2014 version of the CLP35 package. The calculations were carried
out as described within the CLP manual. The calculation was
initialized by geometrically normalizing bonds involving H to
neutron distances within CLP, followed by the calculation of an
ab initio MP2/6-31G(d,p) molecular electron density using
Gaussian-09 (ref. 36) revision E.01. This molecular electron
density description was then used as input by PIXEL to carry out
the calculations.

Intramolecular energy DFT calculations for the molecules in
form I and II were computed at the M06-2X-6-311G(d,p)37 level
at 0 K in the gas phase using Gaussian-09. Grimme dispersion
corrections (D3) were applied to all calculations.38 In the
calculations, the molecular geometry (angles and torsion
angles) derived from the crystal coordinates for all atoms
(except hydrogens) were kept frozen but bond lengths allowed
to optimise, while H atom positions were allowed to fully
optimize.

3 Results and discussion
3.1. Obtaining form I and form II

During our investigation, our initial goal was to nd an optimal
method for the synthesis iz4h4m2p. From our initial batches we
obtained form I. This was obtained using the method described
above, with crystals obtained from slow evaporation of the
reaction mixture. This procedure was repeated using the exact
same method when form II was discovered. However, we failed
to obtain form I again using this procedure. To try overcome
this, several different methods were deployed. One of the rst
was to recrystallize form I using different solvents in a slow
evaporation method. The solvents used included acetonitrile,
methanol, dichloromethane, isopropanol and n-propanol.
However, these attempts failed as we obtained form II each
time. Another attempt included altering the reaction condi-
tions. This included changing the solvent, altering the amount
of 4h4m2p (for example, using 1.03 mmol of 4h4m2p with
1.82 mmol of isoniazid using the same synthesis procedure),
reaction times (from 2 hours to 48 hours), temperatures (doing
room temperature reactions to reux) etc. Despite all this, we
still exclusively obtained form II. From these experiments we
conclude that form I is the metastable form, whose formation
was kinetically favoured and is a chance discovery, while form II
is the most stable form. Despite this, we were still able to isolate
enough to characterize form I by the methods described above.
To further conrm the stability, we used slurry methods where
we mixed equal masses (0.050 g) of each form I and form II with
RSC Adv., 2022, 12, 11658–11664 | 11661



RSC Advances Paper
0.5 mL of hexane. The resulting powder consisted of purely
form II, with no trace of form I. Even in our attempts at seeding
form I, where powders of form I added to a supersaturated
solution of iz4h4m2p (from form II), showed the conversion of
form I to form II.

We also attempted to obtain more polymorphic forms using
sublimation experiments. Both crystals of form I and form II
were used in sublimation experiments. These experiments
involved heating crystals at around 130–140 �C on a Koer hot
bench. Unfortunately the crystals obtained from these experi-
ments were that of isoniazid, which indicates that at high
temperatures iz4h4m2p is unstable and may be prone to
reversing the Schiff base reaction (see Scheme 1, we assume
water vapor in the atmosphere allowed this reaction to occur).
3.2. Crystal structures of form I and form II

Form I formed colourless blocks while form II formed as col-
ourless plates. Form I crystalizes in the C2/c space group while
form II crystalizes in the P21/c space group. For both crystal
structures, the amide group forms an intramolecular hydrogen
bond to the hydroxyl group (N2–H2A/O2). Apart from this, the
hydrogen bonding for both crystal structures differs signi-
cantly. In form I a hydrogen bond forms between the hydroxyl
group to the oxygen atom of the amide group (O2–H2B/O1),
forming a chain hydrogen bond motif C2

2(6) (see Fig. 2a). It
should be noted that in form I, the pyridyl nitrogen (N1) is not
involved in any strong hydrogen bonding. Form II on the other
hand forms a ring based hydrogen bond motif R3

3(18), with the
hydroxyl group forming a hydrogen bond to the pyridal nitrogen
(N1). This effectively forms dimers (see Fig. 2c). In the case of
form II, the amide N–H group or the hydroxyl group does not
form a strong hydrogen bond to the oxygen of the amide group
(O1). iz4h4m2p also exhibits conformational polymorphism,
which is most notable due to the different torsional angle of the
pyridyl ring (Fig. 2e). The torsional angle between the ring and
the amide group (C4–C3–C6–O1) for form I and form II
respectively is 14.48� and 31.77�. This contrast may be due to
the effect of the hydrogen bonding present: form I is not
restricted by hydrogen bonding and will accept a conformation
with a low energy. Intramolecular DFT calculations show that
the molecule in form I is more stable compared to the molecule
in form II by 3.1 kJ mol�1. On the other hand form II will be
locked to a conformation that allows the formation of the
hydrogen bond between the pyridine ring and hydroxyl group.
Consequently, because of the different hydrogen bonding
interactions, each form will packing differently. Form I overall
forms layered type packing, with each chain forming rows with
the pyridine ring forming p/p stacking between adjacent
chains (Fig. 2b). This p/p stacking does not exist for form II,
which is a consequence of the hydrogen bonded dimers
(Fig. 2d). The packing coefficients (calculated using PLATON39)
for both form I and form II are 67.7% and 69.7% respectively,
which indicates that form II is more efficient at packing than
form I by 2%.

Intermolecular energy calculations using PIXEL indicates
the intermolecular energy of form II (�164.7 kJ mol�1) is lower
11662 | RSC Adv., 2022, 12, 11658–11664
than form I (�145.3 kJ mol�1) by 19.4 kJ mol�1. Adding the
intermolecular and intramolecular energies leads to the lattice
energy (Elatt ¼ Uinter + DEintra), which is �145.3 and
�161.6 kJ mol�1 for form I and form II respectively. The
calculated lattice energies show that form II is more stable than
form I by 16.2 kJ mol�1. Thus the intramolecular energies for
the individual molecules are not that different, but the inter-
molecular interactions in form II make this form considerably
more favoured, and it is not surprising that we did not manage
to crystallise form I again (Table 1).
3.3. Hirshfeld analysis

Hirshfeld surface diagrams were generated for both form I and
form II and both are presented in Fig. 3. One of the most
noticeable differences between the two Hirshfeld surfaces is in
the large red spot at the pyridyl nitrogen of form II (Fig. 3g and
h), which is much smaller in form I. This arises due to the
strong hydrogen bonding described previously. The small red
spot on the pyridyl nitrogen on form I arises from a weak C–H
hydrogen bond (C9–H9/N1). Conversely, for form II a weaker
hydrogen bond between the oxygen (O1) from the amide group
also exist (C4–H4/O1). One other noticeable weak C–H
hydrogen bond in form II is that of C1–H1/N3, indicating that
the imine might also be involved in some weak hydrogen
bonding, although this has not been observed for form I. A pair
of red and blue triangles spotted on the shape index of form I
(Fig. 3d) along with the relatively at region on the curvedness
of form I (Fig. 3e) conrms that form I consists of a series of
chains of iz4h4m2p stacked together by p/p stacking inter-
actions. Conversely, the shape index and curvedness of form II
(Fig. 3i and j) does not share this feature, indicates that packing
of form II does not involve p/p stacking, but rather is orga-
nized by other weak interactions instead such as C–H hydrogen
bonding. This is supported by an increased amount of surface
contact arising from C–H interactions found in form II when
comparing form I and form II, as seen in Fig. 4.
3.4. FTIR spectra

FTIR spectroscopy can be used for the quick identication of
the polymorphs of iz4h4m2p. The FTIR spectra for form I and
form II as well as that of isoniazid weremeasured. These spectra
are compared with each other and are presented in Fig. 5. It rst
should be noted that although the hydroxyl groups typically
forms a broad medium to strong band in the 3550–3230 cm�1

range, the hydrazide functional group (O]C–NH–NH2) also
forms a medium to strong band in the same region as the
hydroxyl group, giving the spectra a similar shape in this region.
However, it is still possible to distinguish between isoniazid and
iz4h4m2p, as well as between the two forms of iz4h4m2p by
using other vibrational peaks. One of the rst noticeable
differences between isoniazid and that of both forms of
iz4h4m2p should be the lack of a –NH2 group. This can easily be
observed by the absence of a medium-strong peak in the 1635–
1600 cm�1 region that is associated with the –NH2 deformation
vibration (which is not to be confused the strong peak
© 2022 The Author(s). Published by the Royal Society of Chemistry
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appearing in the 1680–1635 cm�1 region that is associated with
the carbonyl stretch).

One notable difference between the spectra of form I and
form II is the absence of a medium peak around the 3300–
3350 cm�1 region in form II, which appears as a weak band
instead. This peak is most likely associated with the N–H stretch
of an amide group. This increase in the intensity of form I is
most likely the result of the chain hydrogen bond motif
described previously, as the carbonyl group forming a hydrogen
bond may have affected the dipole moment of the N–H group in
form I. This peak can be used as a signature peak when a quick
comparison is needed.

3.5. DSC curves

The DSC curves obtained for both forms of iz4h4m2p is pre-
sented in Fig. 6. The curve of form I heated at 10 �C min�1 will
be referred to as the slow curve, while the one heated at
40 �C min�1 will be referred to as the fast curve. Measurements
were done in triplicate to determine errors. From the slow curve
for form I it can be observed that two signicant peaks are
observed occurring almost one aer the other. The rst small
peak represents the solid-state phase transition of form I to
form II. This is supported by the temperature range of the
second, larger peak coinciding closely to the same temperature
for the melting/decomposition of form II obtained from the
curve of form II. The curve for form II does not show any other
signicant peaks before the melting/decomposition one. In
order to determine the melting point and heat of fusion of form
I alone without transforming to form II, the sample was heated
quickly at 40 �C min�1 (fast curve) to prevent the sample having
enough time to transform from form I to form II. From the fast
curve of form I themelting/decomposition peak was found to be
139.7 �C, which is roughly 2 �C below the melting/
decomposition peak of form II. Both forms showed no signi-
cant peaks on the cooling cycle. The onset temperatures along
with the associated enthalpies is tabulated in Table 2. To
determine whether the two forms are monotropically or enan-
tiotropically related, several rules can be applied. The heat-of-
fusion rule states that for an enantiotropic system, the form
with the higher melting point will have a lower heat-of-fusion.40

For this system, this rule is difficult to apply since the enthalpies
are similar in size and have a margin of error between them.
However, the heat-of-transition rule provides a clearer inter-
pretation. It states that “if an endothermal transition is
observed at some temperature it may be assumed that there is
a transition point below it”.40 From the slow curve of form I an
endothermic peak was observed, with a subsequent endo-
thermic peak matching closely to the melting peak of form II.
This is best represented by the qualitative energy vs. tempera-
ture curves observed in Fig. 7, in particular DHI/II. Based on
this observation it can be observed unambiguously that form I
and form II are enantiotropically related.

3.6. Hot stage microscopy

A block-like crystal of form I was placed on a glass microscope
slide and covered by a glass cover slip. This was heated until
© 2022 The Author(s). Published by the Royal Society of Chemistry
melting, and signicant changes were captured. For form I no
signicant changes were observed until heated to 125 �C
(Fig. 8b). This block started to move and become darker, with
a clear phase transformation occurring. This process occurs and
nishes around 135 �C (Fig. 8c). Melting starts occurring aer
140 �C and nishes at 145 �C (see video part of ESI†). Aer
cooling, a wax-like solid remained, which indicated that no
recrystallization occurred, as expected from comparing the DSC
curve. Form II was also examined part of the hot stage micros-
copy. The crystal of form II remained unchanged until melting
(Fig. 8e and f). Upon cooling, like form I, a wax-like solid
remained, indicating no recrystallization occurred. Videos
depicting the melting of form I and its phase transition are
available as ESI.†

4 Conclusions

Two polymorphic forms of iz4h4m2p were discovered and
characterized. Form I is a metastable phase that proved to be
elusive to obtain again, while form II is the most stable form,
and obtained repeatedly from most solvents. From the crystal
structure analysis of both forms it is revealed that the two forms
can be differentiated by two different hydrogen bond motifs:
form I using a chain hydrogen bond motif and form II using
a ring hydrogen bond motif. Form I utilises p/p stacking,
while form II uses different weaker hydrogen bonding (C–H) to
stabilise its packing. From the DSC analysis, form I has an
enantiotropic thermal relation to form II. Computational
studies conrm our observations that form II is much more
stable than form I, despite the molecular conformation of
iz4h4m2p in form I to be more stable than the conformation of
iz4h4m2p in form II. This is due to the overall intermolecular
energy of form II being much lower than form I. Here we have
presented a case of a “disappearing” polymorphic system,41

where the formation of one form (form I) is overtaken by the
formation of another (form II). Thus, for future work it may
prove to be worthwhile to nd and characterize more poly-
morphs, while also nding a more reliable and consistent
method of obtaining form I.
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