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Abstract
This manuscript reports the investigation of the polymorphic behaviour of fipronil using a systematic comparison of the 
thermochemical and structural properties of different crystal forms obtained in this study as well as those previously reported 
in literature. The analytical techniques employed include DSC, TGA, PXRD, SCXRD and hot stage microscopy. DSC proved 
particularly useful because it made it possible to differentiate between the two different crystal forms found in the as-received 
neat fipronil. The DSC scans revealed the presence of two polymorphs which had melting endotherms with peak maxima at 
ca. 196 °C and 205 °C, respectively. These polymorphs were successfully separated via sublimation and resulted in a meta-
stable, lower melting polymorph in the sublimate and a thermodynamically stable, higher melting form in the sublimation 
residue. Clear evidence for the instability of the lower melting polymorph was found when the endotherms were examined 
under a range of heating rates. The proportion of the metastable form appeared to increase as the rate was increased, indicating 
that the metastable form underwent a solid–solid phase transition to the stable form at low heating rates. Recrystallization of 
fipronil from different solvents yielded five different forms. TGA curves revealed that all forms, except the acetone-derived 
one, were solvate pseudo-polymorphs that showed solvent loss between 60 and 100 °C. The acetone-derived sample was a 
hemihydrate that only started to show mass loss at 120 °C. SCXRD studies revealed that three of the five forms have similar 
structural characteristics, while the other two forms differ notably from each other and the rest of the structures. Despite these 
structural differences, all five forms exhibit near-identical intra- and intermolecular hydrogen bond networks.
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Introduction

Polymorphism is a phenomenon where a given chemical 
compound exists in at least two different crystalline arrange-
ments in the solid state [1]. The crystal structures may differ 
from one another with respect to their physical properties, 
but they lead to identical liquid and vapour states [2, 3]. 
Solvates are crystalline solids that contain molecules of a 

solvent inside their crystal assembly, either stoichiometri-
cally or non-stoichiometrically [4]. In pseudo-polymorphic 
solvates, the solvent guest molecule occupies structural 
voids in a crystal without being tightly associated with the 
lattice [1, 4]. Concomitant polymorphism corresponds to 
the situation where two or more different polymorphs form 
simultaneously during crystallization [3]. Polymorphism is 
a subject of great interest because the differences in struc-
ture result in the variation of properties such as melting and 
sublimation temperatures, heat capacity, density, solubility, 
dissolution rates, pharmacological activity, particle size, and 
stability [4, 5]. In fact, the physical properties of an active 
ingredient, e.g. fipronil, affect the formulation strategy of a 
product and its ultimate efficacy [6, 7].

This work aimed to investigate polymorphism in fipronil, 
also known as 5-amino-1-[2,6-dichloro-4-(trifluoromethyl)
phenyl]-4-[(trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbon-
itrile. Fipronil (Fig. 1) is a broad spectrum, low-applica-
tion-rate insecticide that belongs to the class of compounds 
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known as phenylpyrazoles [8–11]. This systemic neurotoxin 
is widely used for controlling pest organisms of animals and 
crops, e.g. fleas, weevils, ants, ticks, rootworms, mosqui-
toes, and termites [12]. Fipronil and its major metabolite, 
fipronil sulfone, kill insects by non-competitively binding to 
the γ-aminobutyric acid (GABA) receptor causing the block-
ing of the channels involved in the transmission of neural 
signals [13, 14]. Its distinctive mode of action presents a 
potent alternative for controlling insects that have developed 
resistance to conventional insecticides such as pyrethroids, 
carbamates, organophosphates and organochlorines [10, 15].

According to patents [6, 7, 16–19] and open literature 
[20], fipronil exists in several different polymorphic/pseudo-
polymorphic forms. These forms were characterized by 
powder X-ray diffraction (PXRD), infrared spectroscopy 
(IR), differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). Saxell et al. reported four poly-
morphs of fipronil which they named crystalline modifica-
tions CM-I [17], CM-II [18], CM-IV [16] and CM-V [7]. 
Crystalline modifications CM-I and CM-V were identified 
to be the thermodynamically stable forms with melting tem-
peratures corresponding to 196 °C and 203 °C, respectively. 
The crystalline modifications CM-II and CM-IV were iden-
tified to be solvates of their corresponding co-crystallized 
solvents. The removal of the co-crystallized solvent in crys-
talline modifications CM-II and CM-IV resulted in endo-
thermic phase transformations leading to crystalline modi-
fications CM-I and CM-V and/or mixtures of them. Table 1 
summarises some of the characteristics of the fipronil modi-
fications reported by Saxell et al. [7, 16–18].

Zamir [6, 19] reported five polymorphs of fipronil which 
were named Form F-I, F-II, F-III, FS-T and FS-M. The DSC 
curve of Form F-I featured a single dominant endotherm 
ascribed to melting centred at 202.5 °C while the curve for 
Form F-II featured a second endotherm at ca. 195 °C. The 
melting points reported for Form F-I and F-II are similar to 
those reported by Saxell et al. for crystalline modification 
CM-V [7] and CM-I [17], respectively. Fortunately, both 
patent data sets reported PXRD patterns for the different 

polymorphs which they identified. Perusal of these dif-
fractograms indicated a correspondence between F-I and 
CM-V as well as between F-II and CM-I. Crystal modifi-
cations CM-IV and Form F-III do not have corresponding 
polymorphs listed in the two separate sets of patents. FS-T 
and FS-M were considered hemisolvates. They contained 
co-crystallized toluene and methyl isobutyl ketone (MIBK), 
respectively. The removal of the co-crystallized toluene from 
FS-T by heating the sample in a DSC resulted in an endo-
thermic phase transformation of FS-T to Form F-III at ca. 
110 °C. Upon heating, Form F-III underwent an exothermic 
transformation to Form I at 150 °C.

Beyond these studies, Park et al. [20] and Tang et al. [21] 
reported single crystal XRD data. The sample studied by 
the former was obtained by slow evaporation from an ace-
tonitrile solution at room temperature. The unit cell param-
eters reported by both these investigators are also reported 
in Table 1.

On comparing the results reported in all of these stud-
ies, it is clear that there is a lack of consensus on the actual 
crystal structure of the solvent-free polymorphs. Also, the 
two melting points seen in the DSC curve of a purportedly 
pure polymorph, Form F-II [6], poses a further conundrum. 
Therefore, the aim of this work was to bring greater clarity 
to the situation by a detailed investigation of the polymor-
phic behaviour of fipronil using TGA, DSC, PXRD, single 
crystal XRD (SCXRD) and hot stage microscopy (HSM) as 
complementary investigative tools.

Materials and methods

Materials

Table 2 lists the chemicals used in the study, some of their 
physical properties and the suppliers. All compounds were 
used as received, i.e. without further purification. How-
ever, a pure form of fipronil was prepared by a sublimation 
procedure.

Methods

Sample preparation and characterization

A portion of the as-received neat fipronil was purified using 
vacuum sublimation at approximately 180 °C. The vapour 
was condensed as purified compound on a cold finger and 
collected for analysis (Fig. 1b).

Approximately 50 mg of the as-received neat fipronil was 
dissolved in 4 mL of solvent (acetone, acetonitrile, ethyl 
acetate or methanol) in a glass vial. The solution was stirred 
until the fipronil was completely dissolved, after which the 
solution was left open to air at room temperature (ca. 23 °C) 
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Fig. 1  a The chemical structure of fipronil, and b the appearance of 
fipronil crystal deposits collected on the cold finger of the sublima-
tion apparatus
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to allow for evaporation of the solvent until crystallization. 
The process took 12 to 36 h. Regular inspection of the setup 
allowed for the identification of the best time to harvest 
crystals.

Good quality single crystals were collected and ana-
lysed using single crystal X-ray diffraction (SCXRD). 
Crystallization from acetonitrile yielded mixtures of three 
different crystal forms. This was not the case for the other 

solvents. Each of the remaining samples were separately 
homogenised into a powder and analysed by powder X-ray 
diffraction (PXRD), thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC). The sam-
ples were heat treated in a laboratory convection oven 
for 30 min at either 110 °C or 150 °C to drive off any 
co-crystallized solvent before analysing by PXRD, TGA 
and DSC.

Table 1  Single crystal data 
and DSC information for 
fipronil polymorphs reported in 
literature

a, b, c are the lengths of the unit cell edges; α, β, γ are the angles of the unit cell, Z represents the number 
of molecules in the unit cell and ρ is the calculated density
# ↓ denotes an endotherm and ↑ an exotherm
Tp: The peak temperature

Crystalline modi-
fication

Crystal system
space  group*

Unit cell parameters DSC  event#/°C Reference

CM-I Monoclinic
C2/c

a—22.2462 Å
b—12.7041 Å
c—14.6262 Å
α—90°
β —128.8891°
γ—90°
Z = 8
ρ—1.81 g⋅cm−3

m.p. 196 – 198↓
Tp = 196

[17]

CM-II Monoclinic
P21/c

a—8.6061 Å
b—26.9192 Å
c—16.0861 Å
α—90°
β—102.0661°
γ—90°
Z = 4
ρ—0.94 g⋅cm−3

130↓
196↓, 203↓

[18]

CM-IV Triclinic
P-1

a—8.6461 Å
b—13.0931 Å
c—16.6862 Å
α—99.2021°
β—103.2251°
γ—99.5691°
Z = 2
ρ—1.64 g⋅cm−3

128↓
196↓, 203↓

[16]

CM-V Triclinic
P-1

a—8.6764 Å
b—9.1644 Å
c—11.3674 Å
α—90°
β—87.2168°
γ—83.4508°
Z = 2
ρ—1.73 g⋅cm−3

m.p. 201 – 204
203↓

[7]

Monoclinic
C2/c

a—22.564916 Å
b—12.68239 Å
c —14.905111 Å
β— 129.6993°
Z = 8

[20]

Monoclinic
P21/n

a —10.78018 Å
b—12.70069 Å
c – 12.10399 Å
β—96.9731°
Z = 4
ρ—1.701 g⋅cm−3

[21]
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Single crystal X‑ray diffraction (SCXRD) analysis

X-ray diffraction data of all single crystals were collected 
at 150.0(2) K using monochromatic Cu-Kα radiation 
(λ = 1.54184 Å) on a Rigaku XtaLAB Synergy R diffrac-
tometer with a rotating-anode X-ray source and a HyPix 
CCD detector. Data integration, reduction and multi-scan 
absorption corrections were performed using the CrysAlis-
Pro (Version 1.171.40.23a) software package [22]. The crys-
tal structures were solved by direct methods or by intrinsic 
phasing using SHELXT-2013 [23], as part of the WinGX 
suite [24]. Structure refinements were done using SHELXL 
[25] in WinGX [24] as GUI. Graphics and publication mate-
rial were generated using Mercury 3.5 [26]. All H atoms 
(apart from those of the water molecule in the structure of 
PM3) were placed in geometrically idealized positions and 
constrained to ride on their parent atoms. The hydrogen 
atoms of the water molecule in PM3 could not be placed 
manually by means of residual electron density, and hence 
was fixed in positions to allow for the maximum number of 
hydrogen bonding interactions. In the structure of PM1, no 
molecule of acetonitrile or related solvent could reliably be 
modelled within the solvent accessible voids, and therefore 
was treated as a diffuse contribution to the overall scattering 
without specific atom positions using the SQUEEZE/PLA-
TON program [27]. The X-ray crystallographic coordinates 
for all structures have been deposited at the Cambridge Crys-
tallographic Data Centre (CCDC), with deposition numbers 
CCDC 2,216,777–2,216,781. The data can be obtained free 
of charge from The Cambridge Crystallographic Data Centre 
via www. ccdc. cam. ac. uk/ data_ reque st/ cif.

Powder X‑ray diffraction (PXRD) analysis

PXRD was run on bulk fipronil samples and products of this 
study mainly to identify and compare data with polymorphs 
previously reported in literature, as well as supplement 
interpretation of the DSC results. Some of the PXRD pat-
terns were collected from 5° to 90° on a PANalytical X'Pert 
Pro powder diffractometer with X’Celerator detector and 
variable divergence and fixed receiving slits with Fe-filtered 

Co-Kα radiation. However, the results are reported reflecting 
2θ values expected for Cu-Kα radiation. In certain instances, 
PXRD patterns were also measured at room temperature, on 
a Bruker D2 Phaser powder diffractometer, employing a Si 
low-background sample holder, and Cu-Kα radiation.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on a TA Instru-
ments Q600 SDT. A multipoint temperature calibration was 
performed using indium, zinc and gold calibration standards. 
Mass calibration was carried out using the mass calibration 
set supplied by the manufacturer. Approximately 10 mg of 
sample was placed in a 40 µL alumina pan and was heated 
from ambient temperature to 300 °C at a heating rate (β) of 
2 °C  min−1 under a nitrogen atmosphere, controlled at a flow 
rate of 50 mL  min−1. Analyses were performed in duplicate 
to confirm the observed effects.

Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry analysis was performed on 
a Mettler Toledo DSC 1. Temperature calibration was per-
formed using indium and zinc calibration standards. Approx-
imately 8 mg of sample was enclosed in 40 µL aluminium 
pans with pin-holed lids. The temperature was scanned from 
25 °C to 300 °C at a heating rate of 5 °C  min−1. Nitro-
gen flow was controlled at a rate of 50 mL  min−1. The 
effect of varying the heating rate on the DSC curves for 
the as-received neat fipronil sample was studied in a similar 
fashion.

Heat-cool-heat analysis was carried out by heating the 
samples at 5 °C  min−1 up to 200 °C, a temperature that is 
just higher than the first endothermic peak but lower than the 
second endotherm. The samples were immediately cooled 
down to 100 °C at a rate of 5 °C  min−1 and then reheated to 
300 °C. The same procedure was repeated but with the first 
heating terminated at 208 °C, a temperature just after the 
second endotherm.

Table 2  Solvents used for 
recrystallization

Tb: boiling temperature

Solvent CAS No Molar 
mass/g 
 mol−1

Density/g  cm−3 Tb/°C Purity/% Supplier

Acetone 67–64–1 58.08 0.791 (25 °C) 56  ≥ 99.5 Sigma-Aldrich
Acetonitrile 75–05–8 41.05 0.78 (25 °C) 81.6  ≥ 99.5 Ace Chemicals
Ethyl acetate 141–78–6 88.11 0.90 (20 °C) 76.5–77.5  ≥ 99.5 Sigma-Aldrich
Methanol 67–56–1 32.04 0.79 (20 °C) 64.7  ≥ 99.5 Sigma-Aldrich
Fipronil 120,068–37-3 437.15 1.48—1.63 – 96 Avima

http://www.ccdc.cam.ac.uk/data_request/cif
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Hot stage microscopy (HSM)

HSM was performed on a Linkam Scientific CSS450 heating 
stage fitted with a Leica DM2500M optical microscope con-
nected to a Leica DFC420 digital camera. About 1 to 2 mg 
of sample was heated at 5 °C  min−1 up to 150 °C and then 
at 2 °C  min−1 from 150 to 200 °C.

Results and discussion

Thermogravimetric analysis (TGA)

Figure  2 shows the TGA and DTG curves for samples 
obtained by recrystallization from acetone, acetonitrile and 
methanol.

The TGA and DTG curves for the acetonitrile-derived 
sample showed an initial mass loss between 60 °C and 
100 °C. A similar minor mass loss, ascribed to removal of 
the solvent, occurred in the acetone-derived sample and in 
the sample recrystallized from ethyl acetate (not shown). 
However, for the acetone-derived sample, loss of solvent 
only occurred between 115 °C and 145 °C. Saxell et al. [16] 
also commented on the observation that acetone is only 
removed at temperatures above 120 °C during TGA analy-
sis. This was surprising since the boiling point of acetone 
(56 °C) is lower than the boiling points of the other recrys-
tallizing solvents (Table 2). Nevertheless, the other solvents 
were all lost at much lower temperatures. The absence of 
a mass loss event below 150 °C for the methanol-derived 
sample indicated that a solvate did not form by recrystal-
lization from methanol. The TGA curves obtained for the 
as-received neat fipronil, the fipronil sublimate and the heat-
treated fipronil samples were similar to that of the methanol-
derived material.

Zamir [6] suggested that fipronil forms hemi-solvates with 
some solvents, i.e. that the solvates contain one molecule of 

the solvent for every two molecules of fipronil. The ratio of 
the number of fipronil molecules to solvent molecules of the 
samples recrystallized in this study was estimated from the 
TGA mass loss values recorded at a temperature of 150 °C. 
The ratios estimated for triplicate TGA measurements of the 
acetone derived sample were 2.23, 2.91 and 3.07; for ace-
tonitrile they were 2.00, 3.25 and 3.39 while for ethyl acetate 
a value of 2.11 was found. The lower measured values were 
close to two, the value expected for a hemi-solvate. How-
ever, some values were somewhat higher, suggesting that if 
hemi-solvate formation were indeed possible, the available 
spaces inside the fipronil channels of some of the present 
samples were not fully occupied by guest solvent molecules.

Slow mass loss, due to sublimation [28], commenced at 
temperatures just above 150 °C for all samples. This was 
also the case for the purified fipronil obtained by sublima-
tion. Figure 1b shows that this produced a white, fluffy pow-
der on the cold finger of the sublimation apparatus. Rapid 
mass loss, attributed to evaporation, was seen in the TGA 
curves of all samples once the temperature exceeded 190 °C. 
However, a thermally stable char residue remained after 
about 250 °C implying thermal decomposition. The char 
yield varied from about 6% by mass for the acetonitrile- and 
acetone-derived samples to as much as 20% by mass for the 
methanol-derived fipronil sample (Fig. 2a).

DSC analysis of fipronil

DSC analysis of neat fipronil, the sublimate and sublimation 
residue

Figure 3 shows the DSC curves recorded for the as-received 
neat fipronil, the purified sublimate and the residue which 
remained at the bottom of the flask after incomplete 
sublimation.

The DSC curve of the as-received neat fipronil 
showed four thermal transitions during heating. The first 

Fig. 2  a Thermogravimetric 
(TGA) and b differential mass 
change (DTG) curves for 
fipronil samples recrystallized 
from acetone, acetonitrile and 
methanol. β = 2 °C min.−1
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endothermic peak, attributed to melting, occurred with 
an onset at 193.2  °C, peak maximum at 197.0  °C and 
∆Hm = 21.2 J  g−1. This was followed by a small exothermic 
event at ~ 202 °C (∆Hc =  − 5.1 J  g−1), attributed to recrys-
tallization of the melt. Immediately thereafter, a second 
endothermic transition with a peak temperature of 206.0 °C 
and ∆Hm of 87.1 J  g−1, due to a second melting process, 
was observed. The fourth transition was a broad exotherm 
with an onset at 246 °C and peak maximum at 260 °C due 
to the decomposition of fipronil. The presence of two melt-
ing endotherms, which were also observed on a hot stage 
microscope, may indicate the presence of a mixture of two 
polymorphic forms in the neat fipronil sample. This data 

confirmed that of Zamir (2013), who suggested that pure 
Form F-II (similar to CM-I reported by Saxell [7]) exhib-
ited two melting endotherms. However, Saxell et al. [16, 
17] was able to prepare a sample of crystalline modifica-
tions CM-I which featured a single melting endotherm with 
a peak maximum between 196—199 °C [17]. In the current 
study, the sublimate and sublimation residue were identi-
fied by PXRD as the polymorphs CM-I and CM-V, reported 
by Saxell [7], respectively. The sublimate sample formed at 
low temperatures as it was collected on the cold finger. It 
featured a lower melting point (195.4 °C) than the sublima-
tion residue (206.1 °C) which was, in effect, heat-treated at 
about 180 °C during the sublimation experiment.

Table  3 summarises the DSC parameters (tempera-
ture and enthalpy values) of the observed transitions for 
the neat fipronil, the purified sublimate and the residue 
which remained at the bottom of the flask after incomplete 
sublimation.

Figure 4 shows the effect of varying the heating rate on 
the DSC curves of neat fipronil. The heating rate is a deci-
sive parameter which can determine the extent and mecha-
nism of polymorphic transformation [25].

At low heating rates (1–2 °C  min−1), a small endotherm 
was observed at ~ 188 °C followed by a sharp melting peak 
centred at ~ 203  °C. As the heating rate was increased, 
the small endotherm shifted to higher temperatures and 
increased in intensity. Simultaneously, the relative intensity 
of the second endotherm decreased. At intermediate heating 
rates (4–8 °C  min−1), two well-defined melting endotherms 
separated by a small exotherm were noticeable. At high 
heating rates (60–80 °C  min−1) the two melting endotherms 
merged until eventually only one broadened peak was left. 
This unexpected behaviour can be rationalised as follows. 
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Table 3  DSC parameters 
obtained for different fipronil 
samples

Ts: desolvation temperature; Tm1 and ΔHm1: temperature and enthalpy change associated with the first melt-
ing endotherm
Tm2 and ΔHm2: temperature and enthalpy change associated with the second melting endotherm 

Sample Ts onset/°C Ts peak/°C m.p. onset/°C Tm1/°C Tm2/°C ∆Hm1/J⋅g−1 ∆Hm2/J⋅g−1

Neat – – 193.2 197.0 205.8 21.2 87.1
Neat (150)* – – 193.8 196.3 204.6 17.3 89.9
Sublimate – – 193.3 195.4 – 96.8 –
Sublimate residue – – – 206.1 – 95.3
Acetone 129.9 136.8 193.8 197.0 205.3 14.7 92.5
Acetone (110) – – 194.1 196.8 205.0 18.6 81.0
Acetonitrile 93.7 97.1 195.4 198.5 205.3 65.6 32.9
Acetonitrile (110) – – 193.6 197.4 203.6 90.7 19.5
Acetonitrile (150) – – 194.1 196.9 205.4 1.4 101.0
Ethyl acetate – – 196.4 198.1 – 78.2 –
Ethyl acetate (150) – – 194.7 – 206.0 – 101.5
Methanol – – 195.6 198.6 – 100.5 –
Methanol (110) – – 196.8 198.5 – 100.8 –
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Polymorph CM-I (the lower melting form) is the metasta-
ble form which undergoes either a solid–solid transition or 
melting and recrystallization to the thermodynamically sta-
ble form, polymorph CM-V (the higher melting form). The 
metastable form has a finite existence due its slow rate of 
transformation into the stable form [29]. One explanation 
for the small endotherm that was detected around 190 °C 
at lower heating rates (1–2 °C  min−1), is the occurrence 
of a solid phase transition CM-I → CM-V at a temperature 
well below the melting point of polymorph CM-I. When 
heated slowly, a low melting metastable polymorph usually 
transitions to the higher melting polymorph at an appropri-
ate temperature. However, under rapid heating conditions 
it tends to overshoot and melt at its own melting point [1, 
30]. Therefore, complete conversion of CM-I into the sta-
ble CM-V polymorph was only achieved at a low heating 
rate. At intermediate heating rates, the solid transformation 
CM-I → CM-V did not occur. Instead, CM-I melted. Once 
the metastable polymorph melted, the resulting melt crystal-
lized to form the higher melting, stable polymorph CM-V. 
This explains the exotherm present at intermediate heating 
rates. This phenomenon can serve as another explanation 
for the small endotherm observed at around 190 °C at lower 
heating rates (1–2 °C  min−1). The gradual dissipation of the 
heat of fusion over time could have led to a recrystallization 
exotherm with a very low intensity that was undetectable 
on the DSC.

As the heating rate was increased further, less of the 
higher melting polymorph (CM-V) had time to form. This 
explains the variation in the relative intensities of the two 
melting endotherms with DSC heating rate (Fig. 4). It also 
explains why polymorph F-II reported by Zamir [6] (cf. 
polymorph CM-I) appeared to have two melting points. It 
is simply an artefact caused by a solid–solid phase trans-
formation of CM- I into CM-V, the stable polymorph. At 
a high heating rate of 80 °C  min−1, formation of the stable 
form was suppressed and only the melting endotherm of the 
metastable form was observed.

DSC analysis of the solvates

Representative DSC curves for the fipronil solvates, before 
and after heat-treatment, are shown in Fig. 5. The measured 
onset and peak temperatures are listed in Table 3. Weak 
endothermic events were present in the DSC curves of some 
samples at temperatures below 150 °C. These endotherms 
reflected the release of the solvents, acetone, acetonitrile and 
ethyl acetate, present in the initial structures. The methanol-
derived sample did not feature such an event.

At relatively high temperatures, all the samples exhibited 
a broad exotherm which peaked between 260 °C and 280 °C. 
This was attributed to the degradation of fipronil, also 
observed in the TGA experiments. The TGA results indi-
cated that degradation of fipronil led to the loss of volatile 
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decomposition products and the formation of a thermally 
stable char residue (Fig. 2).

Figure 5a shows that the methanol-derived sample is 
characterized by a single sharp melting endotherm with 
onset at 195.6 °C and peak temperature of 198.6 °C. Fig-
ure 5b shows that heat treatment of the methanol derived-
sample at 110 °C for 10 min did not change the melting 
behaviour of this sample. In contrast, all the other examples, 
shown in Fig. 5a, featured two melting endotherms with the 
second endotherm located at a temperature slightly higher 
than 200 °C. Both melting events featured quite sharp peaks 
but they varied in relative intensity for the different samples. 
For the acetone- and acetonitrile-derived samples, the sec-
ond melting event was  the most intense whereas the reverse 
held for ethyl acetate-derived sample.

The effect of heat treatment of the acetonitrile-derived 
sample was particularly striking when comparing the DSC 
results of the sample before and after heat treatment. First 
compare the DSC curve for the solvate (Fig. 5a) and the 
sample heat treated at 110 °C (Fig. 5b). The first endotherm 
became more intense following the heat treatment (ΔHm1 
values 65.6 J  g−1 vs 90.7 J  g−1; Table 3). However, when 
the acetonitrile-derived sample was heated for 30 min at 
150 °C, the second melting event became dominant and only 
a vestige of the first remained. This was consistent with near 
complete transformation into the thermodynamically stable 
CM-V polymorph and implied that the solid–solid phase 
transformation temperature of the metastable polymorph 
must be below 150 °C.

The implication of the results presented above is that 
the ultimate phase morphology of fipronil depends on the 
solvents used in its preparation as well as on the thermal 
history it was subjected to. In order to investigate the latter, 
a series of heat-cool-reheat DSC runs were conducted. Fig-
ure 6 shows typical behaviour observed for the different sam-
ples. In the first set of experiments, the samples were heated 

up to 200 °C, a temperature just beyond the first melting 
endotherm but before the onset of the second one, followed 
by immediate cooling down to 100 °C and then reheating 
to 300 °C. Heating any of the fipronil samples in this way 
resulted in them having only a single melting endotherm 
in the range 205 °C to 207 °C (Fig. 6a, c). This suggested 
that such a thermal treatment leads to an irreversible phase 
transition of crystalline modification CM-I to crystalline 
modification CM-V, and confirmed that polymorph CM-V 
is the stable polymorph at elevated temperatures.

A similar procedure was carried out with the initial heat-
ing scan reaching 208 °C, a temperature just after the sec-
ond endotherm (Fig. 6b, d). After rapidly cooling and then 
reheating, the DSC curve showed two endotherms, a major 
endotherm centred at 181.2 °C and a minor one centred at 
197.3 °C. The minor endotherm at 197.3 °C corresponds to 
the melting range of polymorph CM-I while the endotherm 
at 181.2 °C is most likely due to a lower-melting degradation 
product of fipronil.

Powder X‑ray diffraction

Powder X-ray diffraction results were employed in an 
attempt to confirm the associations, made on the basis of 
DSC results, between the various preparations and specific 
polymorphs mentioned in the literature. Figure 7 compares 
the PXRD patterns obtained from methanol- and acetoni-
trile-derived fipronil following heat treatment of both sam-
ples at 150 °C. The diffractogram obtained for the methanol-
derived fipronil, heat treated at 150 °C, compares very well 
with the patterns published by Saxell’s for CM-I [17] and 
Zamir’s for F-II [6]. The diffractograms recorded for all the 
other samples of fipronil (neat, sublimated and heated at 
150 °C) as well as all samples, before and after heat-treat-
ment at 110 °C, obtained by recrystallization from acetone, 
ethyl acetate, toluene or methanol were also very similar 

Fig. 5  DSC curves obtained for 
a fipronil samples prepared by 
recrystallization from different 
solvents, and b after heating 
to either 110 °C and 150 °C. 
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as they appeared to be dominated by the reflections typi-
cal for CM-I or FII. This implied that most contained very 
high proportions of this polymorph. The PXRD pattern for 
the sample obtained by heat treatment of the acetonitrile-
derived sample at 150 °C for 30 min corresponded to that 
of CM-V and F-I reported by Saxell et al. [7] and Zamir [6], 
respectively.

Crystal structure analysis

The powder XRD patterns do not reflect the characteris-
tics of the individual pure phases as some of the samples 
were, to some extent, mixtures of the various polymorphs. 
However, it was possible to pick out single crystals from 
some of the recrystallized fipronil samples and subject them 
to SCXRD analysis. Five different crystalline forms (poly-
morphs or pseudo-polymorphs) of fipronil were identified 
using SCXRD data. These were labelled PM-1 to PM-5. 
The crystals of forms PM-1 and PM-2 were obtained from 
acetonitrile, PM-3 was obtained from acetone, PM-4 was 
crystallized from ethyl acetate, while crystals of PM-5 were 
grown from methanol. PM-5 was found to correspond to the 
polymorph reported previously in the literature by Park et al. 

[20]. Table 4 lists the crystallographic parameters of the dif-
ferent structures. Figure 8 illustrates the asymmetric units 
of PM-1 to PM-5, with packing diagrams shown in Fig. 9. 
The hydrogen bonding networks present in PM1-PM5 are 
illustrated in Fig. 10.

Form PM‑1

PM-1 was obtained by crystallization from acetonitrile 
at room temperature. This form was similar to Saxell’s 
crystalline modification CM-II. The pseudo-polymorph 
crystallizes in the space group P21/c, with the asymmet-
ric unit comprised of two crystallographically independent 
fipronil molecules, as shown in Fig. 8a, with the molecule 
containing atom S1 labelled molecule A, and the molecule 
containing atom S2 denoted molecule B. In both mole-
cules A and B, the trifluoromethyl group attached to the 
benzene ring is disordered over two positions, with rela-
tive occupancies of 0.781(11) and 0.219(11) in molecule 
A and 0.56(2) and 0.44(2) in molecule B. In molecule 
A, the planes through the benzene and pyrazole groups 
form an angle of 81.25°, with the corresponding angle 
having a value of 78.55° in molecule B. These relative 

Fig. 6  The effect of two dif-
ferent heat-cool-heat protocols 
on the DSC curves of fipronil 
samples obtained by recrys-
tallization from methanol a 
and b, and acetone c and d. 
β = 5 °C min.−1.

Temperature/°C
100

3

2

1

0

Heating up to 200 °C

Methanol Methanol

AcetoneAcetone

Cooling to 100 °C

Reheating to 300 °C

– 1

– 2

– 3

– 4

2

1

0

– 1

– 2

– 3

– 4

– 5

2 2

1

0

– 1

– 2

– 3

– 4

1

0

– 1

– 2

– 3

– 4

120 140 160 180 200 220

E
nd

o
E

xo
H

ea
t f

lo
w

/W
 g

–1

Temperature/°C
100

Heating up to 200 °C

Cooling to 100 °C

Reheating to 300 °C

120 140 160 180 200 220

E
nd

o
E

xo
H

ea
t f

lo
w

/W
 g

–1

Temperature/°C
100

Heating up to 208 °C

Cooling to 100 °C

Reheating to 300 °C

120 140 160 180 200 220

E
nd

o
E

xo
H

ea
t f

lo
w

/W
 g

–1

Temperature/°C
100

Heating up to 208 °C

Cool to 100 °C

Reheating up to 300 °C

120 140 160 180 200 220

E
nd

o
E

xo
H

ea
t f

lo
w

/W
 g

–1

(a) (b)

(c) (d)



6770 D. S. Moyo et al.

1 3

ring orientations, leaning towards 90°, are primarily due 
to steric effects where the 2,6-dichloro substituents on the 
aryl ring would come into close contact or even overlap in 
space with the  NH2 substituent and N3-atom of the pyra-
zole ring in the case of the two planes bisecting at 0°. In 
general, the bonding distances of the respective functional 
groups all fall within the expected ranges [20].

Figure 9a illustrates the packing of the molecules as 
viewed down the a-axis. It is evident, from the packing 
diagram, that channels are present in the structure. These 
are assumed to be occupied by acetonitrile solvent mol-
ecules, making PM-1 a pseudo-polymorph of fipronil. 
However, the acetonitrile solvent molecules could not be 
located reliably in the electron difference map, hence the 
SQUEEZE command was employed in the refinement of 
the structure where the diffuse contribution to the overall 
scattering of one molecule of acetonitrile was considered.

In both molecules A and B, each  NH2 group (N1) forms 
two hydrogen bonds. Firstly, a bifurcated hydrogen bond 
is formed to two oxygen atoms (O1, O2) of two different 
sulfinyl groups, with one hydrogen bond intramolecular 
(N1-H1B···O1), and one intermolecular (N1-H1B···O2). The 
second hydrogen atom on the amine group (N1-H1A) forms 
an intermolecular hydrogen bond to the nitrogen atom (N4) 
of a nitrile group on a different molecule. Figure 10a illus-
trates the resulting hydrogen bonded ribbon. Molecule’s A 
form propagates on the one side of the hydrogen bonded rib-
bon, and molecule’s B form the opposite side of the ribbon. 
Distinct hydrogen bonding networks may also be described 
in terms of graph sets: two unique parallel chains (the one 
involving molecule A and the other molecule B) may each be 
defined as C(7), whereas the intramolecular hydrogen bond 
between the amine and sulfinyl group may be defined as 
S(6). Two unique rings are also observed, the one involving 
two molecules, R2

2
(4), and a larger ring incorporating four 

different molecules, R4

4
(18). It is interesting to note that all 

five structures PM-1 to PM-5 exhibited identical hydrogen 
bonding patterns and graph sets (vide infra), despite their 
unique structures and packing in three dimensions. Addi-
tionally, one of the hydrogen atoms on the amine group of 
molecule B forms a hydrogen bond to a chlorine atom on a 
neighbouring molecule, effectively making this a trifurcated 
hydrogen bond. This interaction is not observed for molecule 
A. Hydrogen bonding parameters are listed in Table 5.

Form PM‑2

PM-2 was crystallized from acetonitrile at room temperature 
and was found to be a concomitant polymorph to PM-1, 
since it formed in the same crystallization vessel as pseudo-
polymorph PM-1. PM-2 crystallizes in the space group 
P21/c, and does not contain any solvent molecules, hence it 
is a polymorph of fipronil.

The asymmetric unit of PM-2 comprises two fipronil 
molecules, which will be denoted molecule A, containing 
nitrogen atom S1, and molecule B, containing nitrogen atom 
S2. Both molecule A and molecule B contain disordered 
trifluoromethyl groups, however, the two molecules differ 
in the type of disorder exhibited by the groups. In molecule 
A the fluorine atoms of the trifluoromethyl group bonded to 
the benzene group are disordered over two positions, with 
an occupancy of 0.566(10) and 0.434(1). The entire trifluo-
romethyl group bonded to the sulphur atom is disordered 
over two positions in molecule B, with the two disordered 
portions on opposite sides of the sulphur atom, with occu-
pancies of 0.6 and 0.4, respectively.

The angle between the plane through the benzene group 
and the plane through the pyrazole group is 81.26° in mol-
ecule A and 81.59° in molecule B, which are comparable 
with those in PM-1.

5 10 15 20
2θ (Cu Kα)/°

25 30 35

5 10

Acetonitrile (150 °C)

Zamir F-I

C
ou

nt
s,

 a
.u

.

Saxell CM-V

Acetonitrile (150 °C)

Zamir F-II

C
ou

nt
s,

 a
.u

.

Saxell CM-I

15 20
2θ (Cu Kα)/°

25 30 35

(a)

(b)

Fig. 7  Powder X-ray diffractograms for heat treated fipronil samples 
obtained by recrystallization from a methanol and b acetonitrile. For 
comparison, the patterns of solvent-free fipronil polymorphs reported 
by Saxell [7, 17] and Zamir [6, 19] are also shown.
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The packing diagram of PM2 is illustrated in Fig. 9b 
A sinusoidal, layered packing is exhibited, with benzene 
groups and their attached substituents packing in a layer, 
the tetrafluoromethanesulfinyl groups packing in a layer, and 
the pyrazole groups packing in two different layers.

As illustrated in Fig. 10b, one of the hydrogen atoms 
of an amine group of molecule A (or molecule B) forms a 
bifurcated hydrogen bond between its own sulfinyl group, 
and the sulfinyl group of a molecule B (or molecule A), 
thus the bifurcated hydrogen bond is both intramolecular and 
intermolecular. At the same time, the second hydrogen atom 
on the amine group of molecule A (or molecule B) forms a 
hydrogen bond to the nitrile group of a different molecule 
A (or molecule B). These interactions result in a hydrogen 
bonded ribbon consisting of hydrogen bonded molecules A 
and B, as illustrated in Fig. 10b.

Form PM‑3

PM-3 crystallizes in the space group P 1 , and was obtained 
from acetone. Its structure was found to contain solvent 
water molecules, which were presumed to have been pre-
sent in the acetone solvent used for crystallization, making 
it a pseudo-polymorph of fipronil. PM-3 is a hemihydrate 
of fipronil. A similar form was obtained by Saxell and co-
authors [16] and named crystalline modification CM-IV.

The asymmetric unit of PM-3 contains two fipronil mol-
ecules and one water molecule, with the fipronil molecules 

showing disorder in their trifluoromethyl groups (Fig. 8c). 
The molecule containing atom S1 will be denoted mol-
ecule A, and the one containing atom S2 molecule B. In 
both molecules the fluorine atoms of the trifluoromethyl 
group on the benzene ring are disordered over two posi-
tions, with an occupancy of 0.773(15) and 0.227(15) in 
molecule A, and 0.457(19) and 0.543(19) in molecule B. 
In molecule B, the trifluoromethyl group attached to the 
sulphur atom is disordered over two positions, on opposite 
sides of the sulphur atom, with an equal occupancy of 0.5 
each. The plane through the benzene group and the plane 
through the pyrazole group form an angle of 80.65° in 
molecule A and 84.03° in molecule B.

As can be seen from Fig.  9c, a layered structure is 
formed, with the benzene groups and their attached sub-
stituents packing in a layer, the tetrafluoromethanesulfinyl 
groups packing in a layer, and the pyrazole groups packing 
in two different layers. The water molecules pack in rows 
along the a-direction.

Exactly the same hydrogen bonding interactions that 
were found to be present between the fipronil molecules 
in PM-2, are present in PM-3. These result in a hydrogen 
bonded ribbon, as depicted in Fig. 10c. Additionally, the 
water molecules are involved in hydrogen bonding, with 
each water molecule forming two hydrogen bonds to two 
different chlorine atoms on two different neighbouring 
fipronil molecules.

Table 4  Crystallographic data of fipronil polymorphs, solvates and hydrates

a, b, c are the lengths of the unit cell edges; α, β, γ are the angles of the unit cell, Z represents the number of molecules in the unit cell and ρ is 
the calculated density

Polymorph PM-1 PM-2 PM-3 PM-4 PM-5

Crystal system Monoclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P21/c P21/c P-1 P21/c I2/a
a/Å 8.5926(2) 14.5034(3) 8.65640(10) 14.7036(4) 17.3452(2)
b/Å 27.0164(14) 31.1201(6) 13.1917(4) 15.5016(6) 12.6351(2)
c/Å 16.0685(5) 8.71330(10) 16.7395(4) 8.6691(2) 14.9462(2)
α/° 90 90 99.535(2) 90 90
β/° 101.026(3) 93.658(2) 103.068(2) 93.796(2) 91.7830(10)
γ/° 90 90 99.579(2) 90 90
Volume/ Å3 3661.3(2) 3924.71(12) 1794.47(8) 1971.61(10) 3274.00(8)
Z 4 4 2 4 8
Calculated density/g  cm−3 1.641 1.480 1.633 1.489 1.774
Goodness-of-fit on  F2 1.087 1.098 1.117 1.040 1.041
Final  R1 index [all data] 0.1245 0.0938 0.0921 0.1015 0.0470
wR2 index [all data] 0.2712 0.2796 0.2472 0.2580 0.1211
∆ρ max/min (eÅ−3) 1.16/ − 0.76 1.87/ − 0.50 1.27/ − 0.68 0.65/ − 0.41 0.70/ − 0.58
Similar structure in literature: CM-II [18] – CM-IV [16] Park [20], Saxell [17] 

CM-I & Zamir F-II 
[6]
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Fig. 8  Asymmetric units of a PM-1 b PM-2 (c) PM-3 d PM-4 and e PM-5. Ellipsoids are drawn at the 50% probability level, and hydrogen 
atoms are illustrated as white spheres of arbitrary size
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Fig. 9  Packing diagrams of a PM-1 viewed down the a-axis b PM-2 viewed down the c-axis c PM-3 viewed down the a-axis d PM-4 viewed 
down the c-axis and e PM-5 viewed down the a-axis
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Form PM‑4

PM-4 crystallized from acetonitrile at room temperature in 
the space group P21/c, with one fipronil molecule in the 
asymmetric unit. In this molecule, the trifluoromethylsulfinyl 
group and the fluorine atoms on the trifluoromethyl group 
on the benzene ring are disordered over two positions, with 
the first showing an equal occupancy of 0.5, and the second 
an occupancy of 0.622(8) and 0.378(8). As can be seen in 
Fig. 8d, the disordered trifluoromethulsulfinyl groups are 
positioned on opposite sides of the pyrazole plane, with the 
pyrazole plane forming an angle of 86.78° with the benzene 
plane.

The packing of fipronil molecules in this polymorph, as 
viewed down the c-axis, is illustrated in Fig. 9d. A layered 
structure is formed, with the benzyl groups packing in a 
layer, and the trifluoromethulsulfinyl packing in another 

layer. The packing of molecules is similar to the packing 
observed in PM-2, however the layers are more wavy in 
PM-2.

Identical hydrogen bonding interactions between fipronil 
molecules in PM-2 and PM-3 are present (Fig. 10d).

Form PM‑5

PM-5 was crystallized from methanol at room temperature 
and corresponds to the structure of fipronil reported in the 
literature, with CSD (Version 5.43, September 2022 update) 
[31] reference code YEGJAY [20]. The literature structure 
was reported in setting C2/c of space group 15, however, in 
the current study it has been determined in the conventional 
setting I2/a. Since a detailed discussion of this structure has 
been published [20], only the major structural features will 

Fig. 10  Hydrogen bonding interactions in a PM-1 b PM-2 c PM-3 d PM-4, and e PM-5
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be highlighted here, especially with reference to the other 
polymorphs or pseudo-polymorphs.

The asymmetric unit of PM-5 is comprised of one fipronil 
molecule, with the trifluoromethyl group on the benzene 
ring disordered over two positions, with occupancies of 
0.611(16) and 0.389(16). Interestingly, the same disorder 
is present in the structure in YEGJAY, where they found 
occupancies of 0.620(15) and 0.380(15). In the structure of 
PM-5, the plane through the benzene group and the plane 
through the pyrazole group form an angle of 89.69°, closely 
corresponding to the same angle in YEGJAY (89.03(9)°). 
This angle is the closest to 90° of all the plane dihedral 
angles in forms PM-1 to PM-5, with molecule A of PM-3 
having the smallest angle of 80.65°.

The packing diagram of fipronil molecules in PM-5, 
viewed down the a-axis, is shown in Fig. 9e. Channels 
extending along the a-direction is evident from packing 
along the a-axis. It is presumed that these channels were 
occupied by methanol solvent molecules during crystalliza-
tion, evaporating over time leaving the crystal lattice intact. 
The precise location of the solvent molecules could not be 
placed in the electron density map due to little or no density 
observed in the voids. The same hydrogen bonding interac-
tions present between fipronil molecules in PM-1 to PM-4 
are present in PM-5, as illustrated in Fig. 10e.

Conclusions

The aim of this study was to reconsider the crystallography 
and thermal properties of fipronil polymorphs and pseudo-
polymorphs in the hope of finding a resolution to these dif-
ferences. Therefore, samples of fipronil as-received, purified 
by sublimation and by recrystallization from solvents, were 
studied by means of DSC, TGA, PXRD, SCXRD and hot 
stage microscopy.

In this study five different forms were identified using 
SCXRD. Concomitant polymorphism was observed when 
fipronil was crystallized from acetonitrile or ethyl acetate 
at room temperature. Forms PM-1, PM-2 and PM-5 crys-
tallized from the first solvent, and forms PM-1, PM-4 and 
PM-5 from the second. Crystallization from acetone at room 
temperature was found to exclusively yield PM-3, while 
PM-5 was exclusively obtained from crystallization from 
methanol at room temperature. Pure PM-4 was obtained by 
crystallizing from acetonitrile cooled in a refrigerator.

Despite recrystallization from acetonitrile giving a 
mixture of different polymorphs/pseudo-polymorphs, heat 
treating this product for 30 min at 150 °C resulted in a 
near-pure polymorph with PXRD and thermal behaviour 
consistent with crystal modification CM-V described by 
Saxell et al. [7] and form F-I reported by Zamir [6]. TGA 

Table 5  Selected hydrogen 
bonding parameters (Platon) for 
Polymorphs PM-1 to PM-5

Form D-H···A D-H/Å H···A/Å D···A/Å D-H···A/° Symmetry

PM-1 N1-H1A···N4 0.8800 2.2000 3.0647 168.00  − 1 + x,y,z
N1-H1B···O1 0.8800 2.4100 3.0146 126.00 –
N1-H1B···O2 0.8800 2.2400 2.9996 144.00 x,1/2-y,-1/2 + z
N5-H5A···N8 0.8800 2.1800 3.0483 168.00 1 + x,y,z
N5-H5B···O2 0.8800 2.4100 2.9935 124.00 –
N5-H5B···O1 0.8800 2.2300 2.9609 140.00 x,1/2-y,1/2 + z

PM-2 N1-H1A···N4 0.8800 2.2000 3.0571 166.00 x,y,1 + z
N1-H1B···O2 0.8800 2.1600 2.8862 140.00 -
N5-H5A···N8 0.8800 2.1700 3.0219 163.00 x,y,− 1 + z
N5-H5B···O2 0.8800 2.1100 2.8811 146.00 –
N5-H5B···O1 0.8800 2.5500 3.1136 123.00 –

PM-3 N1-H1A···N4 0.8800 2.2100 3.0815 169.00 1 + x,y,z
N1-H1B···O2 0.8800 2.3000 2.9184 127.00 x,y,1 + z
N1-H1B···O2A 0.8800 2.1800 2.9813 152.00 − 1 + x,y,z
N5-H5A···N8 0.8800 2.1700 3.0309 167.00 x,y,− 1 + z
N5-H5B···O1 0.8800 2.0800 2.8508 146.00 –
N5-H5B···O2A 0.8800 2.5000 3.0861 125.00 –

PM-4 N1-H1A···N4 0.8800 2.1700 3.0305 166.00 x,y,1 + z
N1-H1B···O1 0.8800 2.5400 3.1059 123.00 –
N1-H1B···O1 0.8800 2.1300 2.8838 144.00 − x,1− y,1− z
N1-H1B···O1A 0.8800 2.1000 2.8784 146.00 − x,1-y,1− z

PM-5 N1-H1A···N4 0.8800 2.3800 3.1728 151.00 − 1/2 + x,1− y,z
N1-H1B···O1 0.8800 2.5100 3.0909 124.00 –
N1-H1B···O1 0.8800 2.2800 2.8945 127.00 1/2- x,y,− z
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results showed that recrystallization from methanol does 
not yield a solvate. Instead, a near-pure polymorph, named 
PM-5, was obtained with PXRD properties similar to those 
for crystal modification CM-I reported by Saxell et al. [17] 
and Form F-II disclosed by Zamir [6]. Its PXRD pattern 
also closely resembled the one predicted on the basis of 
the single crystal data published by Park et al. [20]. All 
investigators agreed that this polymorph belongs in the 
monoclinic crystal system. However, the present analy-
sis indexes this polymorph into space group I2/a whereas 
Tang et al. suggested P21/n and both Saxell et al. and Park 
et al. indicated space group C2/c instead.

The DSC results, taken together with the TGA, PXRD 
and SCXRD results, indicated that PM-5 (cf. CM-I or F-II) 
is the metastable form and converts via a solid–solid phase 
transition into the higher melting, thermodynamically sta-
ble polymorph PM-1 (cf. CM-V or F-I) at temperatures 
well below its melting point of ca. 195 °C. The latter (PM-
1) melts at ca. 206 °C and the enthalpy of melting is about 
100 J  g−1. These observations explain the appearance of 
two melting endotherms in the DSC and the disappear-
ance of the endotherm at lower temperatures when the 
heating rate is very slow, e.g. 1 °C  min−1. It also explains 
why heat treatment at 150 °C, of the sample prepared by 
recrystallization from acetonitrile, produced a near-pure 
polymorph CM-1.

The crystal structures determined for the solvates PM-2, 
PM-3 and PM-4 showed a degree of similarity in terms of 
the packing of the molecules. However, the structures PM-1 
and PM-5 were significantly different from each other, and 
from the rest of the structures. Of interest is the fact that, 
despite the structural differences, the same basic hydrogen 
bonding motif is present in all the structures. This explains 
why the melting enthalpies of the two forms are nearly the 
same and why it was difficult to determine the solid–solid 
phase transition temperature in DSC studies.
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