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Emodepside is an endoparasiticide used in veterinary drugs. It exists in four different crystal forms which
were characterised using DSC, TGA, evolved gas analysis (using FT-IR spectroscopy), hot-stage micros-
copy, FT-Raman, FT-IR and FT-NIR spectroscopy and powder X-ray diffraction. Thermal analysis showed
that the forms II-IV contain considerable amounts of water being easily lost upon heating. Hot-stage
microscopy indicated that the crystal structures do not change upon the loss of water. To examine
whether the forms II-IV are hydrates or modifications of Emodepside having water adsorbed to the crys-
tal surface and/or absorbed into disordered defect regions, the behaviour of the forms at different relative
humidities was analysed using FT-Raman and FT-NIR spectroscopy and vapour sorption analysis. Changes
in the C=0 stretching region in the Raman spectra upon the removal of water revealed that all three
forms represent non-stoichiometric hydrates forming isomorphic dehydrates. Sorption analysis indicated
the presence of localised water molecules in the structure of form IV. Several OH combination bands of
water were found in the NIR spectrum of each form indicating differently bound water molecules. Crystal
structure analysis of form IV at ambient humidity revealed four well-defined water positions in the asym-
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1. Introduction

Hydrates are found among antibiotics, antiphlogistic drugs,
local anaesthetics, antiasthmatic drugs and other groups of
pharmacologicals [1-4]. As water is omnipresent, the possibility
of hydrate formation has to be taken into consideration at each
step of drug development [5]. In the case of having a crystalline ac-
tive pharmaceutical ingredient (API) which exists in several crystal
forms one of which is associated with water, it is important to elu-
cidate whether this form is a solid two component system in which
water molecules are incorporated into the crystal lattice of the API
(hydrate) or whether it is a crystal modification of the API having
water adsorbed to the crystal surface and/or absorbed into disor-
dered defect regions (“wet bulk”). If the latter is the case, the ther-
modynamic relationship between this form and the other crystal
modifications of the API can be predicted. However, in case the
form is a hydrate, it is regarded as an individual compound and
no thermodynamic relationship can be established.

Hydrates are of complex nature due to the various possibilities
of incorporation of the water molecules into the crystal lattice [6].
One possibility to classify hydrates is the division into stoichiome-
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tric and non-stoichiometric hydrates [7]. Stoichiometric hydrates
have a fixed amount of water inside the crystal lattice. In contrast,
non-stoichiometric hydrates incorporate water molecules into the
crystal lattice in dependence on the water activity of the surround-
ing atmosphere without changing the packing motif of the crystal
[8].

In non-stoichiometric hydrates, the water molecules fill struc-
tural voids present in the crystal structure [9]. These voids are con-
nected to form tunnels through which the water molecules can
enter and leave the solid. The water molecules incorporated are
either ordered occupying fixed positions in the crystal lattice or
they are disordered moving easily from one bonding position to
the other [7]. Upon the desorption of the last water molecules,
some non-stoichiometric hydrates such as cromolyn sodium turn
into an amorphous state [7,10] while others, e.g. erythromycin A
dihydrate, dehydrate retaining their crystal structure [11,12].

Non-stoichiometric hydrates that form isomorphic dehydrates
(also called dehydrated hydrates) might be challenging to identify
due to the fact that dehydration causes only subtle changes to the
crystal lattice [13,14]. If crystal structure determination is possible,
itis a powerful tool to identify this type of hydrate [9]. Other meth-
ods employed to identify such hydrates are powder X-ray diffrac-
tion (PXRD) and solid-state NMR [11,15]. PXRD detects
anisotropic shrinking of the crystal lattice which usually takes
place upon dehydration. This reduction in the unit cell volume
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leads to small shifts of peaks in the X-ray diffraction pattern to-
wards smaller d spacings, shown for example for the dehydrates
of cephalexin monohydrate and erythromycin A dihydrate [11]. So-
lid-state NMR, in contrast, is sensitive to small changes in the local
chemical environment caused by the leaving of the water mole-
cules [9,15].

However, in case the crystal structure is not known and the
powder X-ray diffractogram does not exhibit any changes upon
the removal of water (as the positions of the peaks do not necessar-
ily have to shift [11]), the proof that the examined substance rep-
resents a hydrate is not straightforward. Additionally, since it is
common for non-stoichiometric hydrates to show an early and
continuous loss of water when analysed with TGA and moisture
sorption and desorption curves with little hysteresis [1,11], the
data might be misinterpreted and the solid might be regarded as
single component system with water adsorbed to the crystal
surface.

Emodepside, an endoparasiticide used in veterinary drugs, rep-
resents such a case where the question comes up whether hy-
drates or modifications with water adsorbed to the crystal
surface and/or absorbed into disordered defect regions are pres-
ent. Emodepside, a cyclooctadepsipeptide (Fig. 1), exists in at
least four different crystal forms. These four forms were investi-
gated using DSC, TGA, evolved gas analysis (the gases evolved
during the heating of the sample were analysed using FT-IR spec-
troscopy), hot-stage microscopy, FT-Raman spectroscopy, FT-IR
spectroscopy, FT-NIR spectroscopy and powder X-ray diffraction.
DSC, TGA and evolved gas analysis revealed the forms II-IV to
be associated with considerable amounts of water at ambient
conditions which are readily lost upon heating. Hot-stage micros-
copy did not indicate a change of the crystal structures of the
forms II-IV upon the loss of water.

The aims of this study are (1) to elucidate whether the forms II-
IV are hydrates and if this is the case, (2) to gain information on
how the water molecules are incorporated into the crystal lattice.
The behaviour of the different forms at varying RH was examined
using FT-Raman and FT-NIR spectroscopy and water vapour sorp-
tion analysis. As Raman analysis is sensitive to changes of intermo-
lecular bonding inside the crystal lattice, it has been shown to be
suitable to differentiate between hydrate and isomorphic dehy-
drate [16]. NIR spectroscopy has been used to obtain information
on the bonding status of the water molecules in hydrates [17].
The sensitivity to water (as a molecule with hydrogen to hetero-
atom bonds) and the higher penetration depth of light compared
to mid IR make NIR spectroscopy a valuable tool to gain informa-
tion on the environment of the water molecules in the crystal lat-
tice [18]. Regarding form IV, crystal structure determination was

Fig. 1. Molecular structure and numbering scheme of Emodepside.

performed and the obtained crystal structure was compared to
the results gained from the combination of Raman, NIR and vapour
sorption analysis.

2. Materials and methods
2.1. Materials

All solvents used were of analytical grade. The forms I and II
of Emodepside were available from batches of industrial produc-
tion. Form II was additionally produced in laboratory scale. The
preparation of the forms IIl and IV was performed in laboratory
scale.

2.2. Preparation of crystal forms and storage

Emodepside form I (batch of industrial production) was pre-
pared by adding a hot ethyl acetate solution (45-55 °C) to hot
diisopropyl ether (65-75 °C).

Form II (batch of industrial production) was formed when add-
ing diisoproyl ether dropwise to a hot ethanol solution (65 °C). In
laboratory scale, a boiling solution (near saturation) of Emodepside
in ethanol 96% was filtered and cooled at room temperature to ob-
tain crystals of form IL

Form III crystallised from acetone as well as from isopropanol. It
was prepared by either cooling a boiling acetone or isopropanol
solution (near saturation) at room temperature or by slurry phase
conversion. For the latter method, form II of Emodepside was sus-
pended in either acetone or isopropanol at room temperature and
stirred at least overnight.

Form IV was formed by suspending form II of Emodepside in
methanol at room temperature and stirring the suspension over-
night. Additionally, form IV was prepared by cooling a boiling meth-
anol solution at room temperature. Single crystals of form IV were
obtained by cooling a boiling methanol solution of Emodepside
(2% (m/V)) at room temperature in a round-bottomed flask.

The crystals of the forms II-IV produced in laboratory scale
were dried in vacuo at 45 °C overnight.

All forms of Emodepside were stored at ambient conditions
(45% RH £ 15% RH) unless otherwise stated until further required.

2.3. Thermal analysis

2.3.1. Hot-stage microscopy

Microscopic investigations were performed using a Thermovar
polarising light microscope (Leica Biosystems Nussloch GmbH,
Wetzlar, Germany) equipped with a hot-stage. The samples were
examined with crossed polarisers, first at room temperature and
then at 120 °C.

2.3.2. Differential scanning calorimetry (DSC)

DSC curves were recorded with a DSC 822e instrument (Mettler
Toledo GmbH, Giessen, Germany). About 3-7 mg of the sample
was weighed into an aluminium pan and sealed with a perforated
lid. The samples were heated with 10 °C/min under a nitrogen
purge of 50 ml/min from 25 to 230 °C. Before, the system had been
calibrated under the same conditions using indium.

2.3.3. Thermogravimetry (TGA)

To monitor the mass change of the sample, a TG system (Mettler
Toledo GmbH, Giessen, Germany) equipped with a TGA850 ther-
mobalance was used. The samples were heated from 25 to 230 °C
with 10 °C/min in an open aluminium pan while nitrogen was
passed along the open pan (50 ml/min) as well as along the balance
(10 ml/min). Prior to measurements, the temperature had been
calibrated using indium and aluminium.
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2.4. FT-Raman spectroscopy

Each form of Emodepside was measured without further prep-
aration to obtain the spectra of the different forms at ambient con-
ditions. To examine how the spectra behave at low and high RH,
respectively, samples of each form were stored at 22 °C over phos-
phorus pentoxide (0% RH) and over a saturated aqueous potassium
chloride solution (85% RH) for 7 days before measurement (using
exsiccators). To minimise the time the conditioned samples were
exposed to ambient humidity before recording started, the samples
were equilibrated in the sample holders (glass vials) which were
sealed immediately after they had been taken out of the exsicca-
tors. Raman spectra were acquired with a Bruker RFS 100S spec-
trometer (Bruker Optik GmbH, Ettlingen, Germany) using a
Nd:YAG laser (1064 nm) as excitation source and a high sensitivity
Ge-detector (cooled with liquid nitrogen). The spectra were re-
corded from 3500 to 20 cm™! at a resolution of 1 cm™~! (128 scans)
using a laser output of 750 mW. Before comparing the spectra of
each form obtained at different RH, the spectra were normalised
using the standard normal variate (SNV) method over the range
of 3200-570 cm ™. The region below 570 cm~! was excluded from
normalisation because of the presence of spectral features (base-
line drift and a single, very intense and sharp band at around
84 cm™!) that would impair the result of SNV normalisation if in-
cluded into the spectral data range being treated with SNV.

2.5. FT-IR spectroscopy

Infrared analysis was carried out with a FT-IR Bruker Tensor 37
spectrometer (Bruker Optik GmbH, Ettlingen, Germany). ATR was
used as sampling method. Spectra were recorded over the range
of 4000-550 cm™! at a resolution of 2 cm™! (64 scans).

2.6. FT-NIR spectroscopy

The spectra at ambient conditions were obtained without fur-
ther preparation of the samples. To minimise scatter effects, the
spectra were treated with SNV. To acquire spectra at different
RH, samples of each form of Emodepside were stored at 22 °C in
exsiccators either containing phosphorus pentoxide (0% RH) or a
saturated aqueous solution of lithium chloride (11% RH), potas-
sium thiocyanate (47% RH), ammonium nitrate (62% RH) or potas-
sium chloride (85% RH) prior to measurement. After a storage
period of 7 days, NIR spectra were recorded on a Bruker IFS 28N
spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped
with a fibre optic probe. The scanned wavelength range was
1000-2500 nm at a resolution of 8 cm~! (15 scans). To compare
the spectra obtained at different RH, the second derivative of the
raw spectra was produced.

2.7. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction was performed on a STOE STADI-P
transmission diffractometer (STOE & Cie GmbH, Darmstadt, Ger-
many) using CuKo; radiation, a voltage of 45 kV and a current of
35 mA. Data were collected over the range of 2-38° (20) at a scan
rate of 310 s per step and a step size of 0.01° (20) using a linear Po-
sition Sensitive Detector.

2.8. Water vapour sorption/desorption analysis

Sorption/desorption isotherms were recorded using an in-house
temperature and humidity controlled moisture balance at 22 °C.
After the insertion of the samples, the system was evacuated and
the samples were dried for 140 h. The desired RH was then set
by allowing the influx of the appropriate amount of water vapour.

The RH was increased from 0% RH to 90% RH in 10% steps using 3%
RH, 6% RH, 15% RH and 95% RH as additional steps (sorption iso-
therm). To obtain the desorption isotherm, the RH was decreased
to 85% RH first and then lowered from 85% RH to 10% RH in 15%
steps. Finally, the RH was reduced to 6% RH, 4% RH, 2% RH and
0% RH. The absolute value of the rate of change in mass had to
be <2 ppm/h before the RH was changed to the next step.

2.9. Crystal structure determination

Crystal structure determination was carried out using a Xcali-
bur diffractometer (Oxford diffraction Ltd., Abingdon, United King-
dom) equipped with CuK radiation (4 =1.54178 A), a Cryojet low
temperature device (T=100K) and a CCD area detector (model
Ruby). Crystal structure solution was achieved using direct meth-
ods as implemented in SHELXTL [19]. Least-squares refinement
on F2 using all measured intensities was carried out using SHELXTL
[19].

3. Results and discussion
3.1. Thermal analysis

3.1.1. DSC and TGA

The DSC measurements are shown in Fig. 2. Form I shows a sin-
gle endothermic peak representing the melting of form I. The forms
[I-IV however exhibit two endothermic events. The first takes
place below 100 °C having a broad shape. The endotherm is accom-
panied by a weight loss as revealed by thermogravimetric analysis
(Fig. 2). Evolved gas analysis using FT-IR spectroscopy (data not
presented) shows that the weight loss is due to the evaporation
of water. The second endotherm represents the melting of the
water-free forms of II, IIl and IV. Regarding the forms III and 1V,
shape and position of the melting peak may vary from batch to
batch depending on the crystallisation process used. The batches
of both forms showing a lower and broad melting endotherm (IIIA
and IVA) were obtained by slurry phase conversion at room tem-
perature. The suspensions were stirred overnight and filtered the
next day. Photomicrographs of IlIA and IVA (Fig. 3) display agglom-
erates of small crystals. The not uniformly melting batch of form IV
(IVB) was produced by cooling a hot methanol solution at room
temperature, whereas the batch of form IIl showing the split peak
(IIIB) was obtained analogous to IIIA, however, the solid was left in
its mother liquor for 12 days before filtration. Photomicrographs of
IIIB and IVB (Fig. 3) reveal that the batches represent mixtures of
small crystals and crystals which are considerably bigger than
the crystals present in IIIA and IVA. These big crystals are shaped
like needles (IVB) and blades (IIIB), respectively. Contrarily to the
differences in the DSC curves and in the microscopical appearances
of the crystals, the different batches of form III (IV) display identi-
cal IR, Raman, NIR spectra and TGA curves confirming that they
represent the same crystal form at room temperature. To examine
whether the non-uniform shape of the second endotherm of IIIB
and IVB might correspond to several events taking place (e.g. melt-
ing - crystallisation - melting), hot-stage microscopy and variable
temperature FT-IR spectroscopy were performed (not shown).
However, measurements suggest just the melting of the batches.
Additionally, degradation of the substance was ruled out after hav-
ing examined the molten batches using HPLC. The differences in
the melting behaviour might be explained by the differences in
the crystal size and by the shapes of the crystals present in IIIB
and IVB. Small crystals that agglomerate show better heat conduc-
tion thus melting at lower temperature than big needles or blades
which have lower bulk densities and show only punctual contact.
Therefore, the batches IIIB and IVB having both small crystals
and big needles or blades exhibit a non-uniform melting peak.
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Fig. 2. The DSC and the TGA curves of the forms I-IV of Emodepside. IIIA and IIIB as well as IVA and IVB represent different batches obtained from different crystallisation

procedures.
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Fig. 3. Photomicrographs of the forms I-IV of Emodepside viewed with plane polarised light. Form IIl and IV: the batches A and B are presented. The diagonal of the

photomicrographs is 1.2 mm.

The onset temperatures and the enthalpies of fusion of the differ-
ent forms are given in Table 1. Regarding the forms III and IV, IIIB
and IVB display higher enthalpies of fusion than IIIA and IVA. A
possible explanation might be that the bigger crystals present in
IIIB and IVB exhibit less defective sites due to slow crystallisation
leading to higher enthalpies of fusion.

As seen in Fig. 2, the amounts of water lost by the forms II-1V
are 0.9%, 2.2% and 1.8%. As comparison, a monohydrate would con-
tain 1.6% water. TGA and DSC are not suited to elucidate whether
the water is adsorbed to the crystal surface or whether the forms
are non-stoichiometric hydrates, since the observed early onset
of water evaporation is common in both the cases.
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Table 1
Onset temperatures and enthalpies of fusion obtained from the DSC curves of the different forms

Form I Form II Form IIIA Form IIIB Form IVA Form IVB
Onset temperature (°C) @ 194.4+0.2 178.1 £0.6 152.7+£0.9 1529+1.8 138.5+0.1 152.5+£0.1
Enthalpy of fusion (J/g)*" 58.6 0.5 445+0.6 355+1.1 38.9+04 31.8+04 35.1+04

2 Mean value +SD (n =3).

b Regarding the forms II-IV, the weight of the samples used to calculate the enthalpy of fusion was corrected to account for the mass loss occurring during the heating due
to the evaporation of water. The amount of water sorbed by the respective form at 45% RH (data taken from vapour sorption analysis) was substracted from the weight of the
sample.

3.1.2. Hot-stage microscopy which further demonstrates the existence of four different crystal
Each form of Emodepside shows birefringence when examined forms.
in plane polarised light (Fig. 3). Regarding the forms IIl and IV, both In the FT-IR and FT-NIR spectra of the forms II-IV recorded at
the batches A and B are presented (see Section 3.1.1). The forms ambient conditions, absorption bands of the associated water mol-
were heated up to 120 °C to investigate whether the loss of water ecules are visible (Figs. 5 and 6). The FT-NIR spectra (Fig. 6) show
induces any visible changes in the crystals of the forms II-IV. Dur- intense absorption in the region between 1850 and 2000 nm due
ing the heating, crystals of Il and IVB were observed to “jump” to the combination of bending and anti-symmetric stretching
which can be an indication for dehydration [20]. Although the modes (v, +v3) of water [21]. In the FT-IR spectra of the forms
jumping of the crystals might indicate that the examined crystals [I-1V (Fig. 5), OH stretching frequencies of water are present in
are hydrates, the missing of this phenomenon does not rule out the region of 3700-3400 cm~'. Form III exhibits a single broad
the possibility that a hydrate is present. This is valid for the batch OH stretching band centred at approximately 3484 cm™!, whereas
IVA as well as for form III. At 120 °C, the interference colours of the the forms II and IV have several overlapping OH stretching bands.
different forms are unchanged reflecting that the three-dimen- The spectrum of form IV further shows a sharp OH stretching band

sional packing of the crystals of the forms II-IV is not affected by at 3679 cm~!. A broad OH stretching band as visible in the spec-
the loss of the water molecules. As this is expected for crystals with trum of form Il indicates the presence of water molecules with dif-
water adsorbed to their surfaces as well as for hydrates forming fering energetic environment [22]. These water molecules can be

isomorphic dehydrates, this observation does not help to differen- either adsorbed to the crystal surface [22] or disordered inside
tiate between hydrate and non-hydrate. the crystal lattice [23]. In contrast to broad OH stretches, a sharp
OH stretching band as seen in the spectrum of form IV is indicative
3.2. Spectroscopic analysis and powder X-ray diffraction of constrained water molecules present in the crystal lattice [23].
Consequently, FT-IR spectroscopy provides indication that form

The FT-Raman spectra of the four forms show significant differ- IV is a hydrate.

ences over the entire range of the spectra (Fig. 4). Differences are

also found in the FT-IR spectra (Fig. 5) and in the FT-NIR spectra 3.3. Behaviour at different relative humidities

(Fig. 6), although they are less striking. The differences present in

the spectra reflect the variations in the three-dimensional packing 3.3.1. FT-Raman

of the four forms. Additionally, each form exhibits a unique diffrac- Varying the RH causes small but reproducible changes in the
tion pattern when analysed with powder X-ray diffraction (Fig. 7) Raman spectra of the forms II-1V, especially in the C-H stretching

Raman Intensity
<
[ e -

3000 2800 1600 1400 1200 1000 800 600 400 200
Wavenumber (cm™')

Fig. 4. The FT-Raman spectra of the forms I-1V of Emodepside recorded at ambient conditions.
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Fig. 5. The FT-IR spectra of the forms I-IV of Emodepside obtained at ambient conditions.
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Fig. 6. The FT-NIR spectra (treated with SNV) of the forms I-IV of Emodepside at ambient conditions.

region (3000-2850 cm™!) and in the C=0 stretching region (1690-
1630 cm™') (Fig. 8). Form I has identical Raman patterns at the dif-
ferent RH. Regarding the forms III and IV, changes are pronounced
when rising the RH from 0% to ambient humidity (45% RH + 15%).
Both forms show shifts in intensity and position of bands in the
C—H stretching region. In the C=0 stretching region of form IV,
the band visible as shoulder of the band at 1654 cm™! at 0% RH
is absent at ambient humidity, in addition the intensity of the band
at 1654 cm™! has decreased. In exchange, a band at 1639 cm™!
emerges at 45% RH. In the C=0 stretching region of form III, the
two bands present at 0% RH at 1687 cm™' and 1673 cm™! are
shifted underneath the C=0 vibration band at 1657 cm™' at 45%
RH causing a broadening and an increase in the intensity of this
band. Consequently, both forms exhibit a shift of C=0 stretches to-
wards lower wavenumbers when raising the RH from 0% to ambi-
ent humidity. When the RH is changed from ambient humidity to
85%, the spectra of both forms show only minor if any changes at

all in the C—H stretching region. In the carbonyl stretching region,
a further shift towards lower wavenumbers is observed however
being less striking compared to the changes occurring when raising
the RH from 0% to 45%. In contrast to the forms Il and IV, variation
of RH causes only little if any alterations in the C—H stretching re-
gion of form II. In the C=0 stretching region, the intensity of the
band at 1669 cm~! diminishes with rising RH, whereas the band
at 1657 cm™! broadens towards lower wavenumbers. Conse-
quently, form II also displays shifts of C=0 vibrations towards
higher wavelengths.

The changes observed in the Raman spectra of the forms II-1V
with varying RH are caused by the absence (0% RH), respectively,
the presence (45% and 85% RH) of water. As Raman spectra are sen-
sitive to changes in the local environment inside the crystal lattice
[24], the measurements reveal that water molecules are increas-
ingly incorporated into the crystal lattice with rising RH. Conse-
quently, the forms II-IV represent non-stoichiometric hydrates.
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Fig. 7. The PXRD patterns of the forms I-IV of Emodepside recorded at ambient conditions.
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Fig. 8. The FT-Raman spectra (the C—H and C=0 stretching regions) of the forms I-IV of Emodepside at different RH. The spectra are normalised using SNV.

The spectra recorded at 0% RH reflect the spectra of the isomorphic
dehydrates. With rising RH, water molecules increasingly enter the
lattice and interact with carbonyl groups via hydrogen bonding
which leads to the observed shift of C=0 stretches towards lower
wavenumbers. Regarding the forms III and IV, the water molecules
also affect C—H vibrations which is either due to direct interaction
via van-der-Waals interaction or due to slight reorientations of the
C—H groups caused by the presence of water molecules.

The described changes in the C=0 stretching region fall into the
C=0 stretching region of amide groups. However, Raman measure-
ments do not reveal which of the amide groups of Emodepside

interact with water molecules in the different forms as the pres-
ence of four amide groups in Emodepside (Fig. 1) makes assign-
ment of bands difficult. Additionally, it is difficult to determine
whether the C=0 stretching bands belonging to the four ester
groups of Emodepside (present between 1760 and 1720 cm™!)
are also affected by the water molecules due to the low absolute
intensity of the bands.

3.3.2. Sorption isotherms
The sorption and desorption curves of the various forms of
Emodepside are presented in Fig. 9. The isotherms of the forms dif-
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Fig. 9. The water vapour sorption and desorption isotherms of the forms I-IV of
Emodepside at 22 °C. The symbols coloured in black represent the data points of the
sorption isotherms, whereas the symbols without fillings display the data points of
the desorption isotherms.

fer in the amount of the water sorbed and in the shape of the
curves. As expected, form I only sorbs minor quantities of water
(0.3% = 0.2 mol of water per mole of anhydrous Emodepside from
0% RH to 95% RH) which were not detectable with thermal or spec-
tral analysis. On the other hand, form II takes up 2.8% water
(=1.8 mol of water per mole of Emodepside from 0% RH to 95%
RH), form III 7.9% (=5 mol of water) and form IV 4.1% (=2.6 mol
of water).

Regarding the forms III and IV, the amounts of water sorbed at
ambient humidity (in the range of 30% RH-60% RH) are higher than
the mass losses of the forms seen in the TG curves (form III: 2.6-
5.2% sorbed at 30-60% RH vs. a mass loss of 2.2%, form IV: 2.1-
2.9% sorbed vs. a mass loss of 1.8%). The reason is probably that
the onset of dehydration is missed with TGA as dehydration starts

as soon as the sample is placed on to the balance being exposed to
the nitrogen stream.

A common feature of the isotherms of the forms II-1V is that the
desorption curve virtually superimposes the sorption curve (Fig. 9).
Such behaviour is found in non-stoichiometric hydrates [11] as
well as in solids that adsorb water on the crystal surface [25]. How-
ever, since it is unlikely that several moles of water (per mole of
anhydrous Emodepside) are adsorbed on the crystal surface [26],
the virtual superimposition of sorption and desorption curves sup-
ports the results obtained from Raman analysis. Concerning the
shapes of the curves, the isotherm of form IV differs from the oth-
ers in the region of low RH. The slope of the sorption curve of form
IV being steep from 0% RH to 6% RH flattens between 6% RH and
20% RH. According to Authelin [7] who has linked the degree of or-
der of the water molecules in non-stoichiometric hydrates to the
shape of the sorption isotherm, such a change of the slope of the
isotherm in the region of low RH indicates the presence of localised
water molecules (type I isotherm) or of water molecules with at
least some degree of order (type II isotherm). Consequently, the
isotherm of form IV provides indication on how the water mole-
cules are bound at low RH. In contrast, the shape of the isotherm
of the forms II and III (virtually a straight line) does not well agree
with any of the isotherm types described by Authelin. Thus, it does
not give any information on the degree of order of the water mol-
ecules in the forms II and IIL

3.3.3. FT-NIR

The spectra of the different forms at different RH are presented
in Fig. 10. At 0% RH the FT-NIR spectra of the isomorphic dehy-
drates of the forms II-1V are recorded. With rising RH, absorption
increases in the spectra of the forms II-IV around 1420 nm due
to the combination of symmetric and anti-symmetric stretching
modes of water (v;+vs, overtone band) as well as around
1920 nm due to the combination of v, + v3 (OH combination band).
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-Log Reflectance (SNV corrected)

-Log Reflectance (SNV corrected)

2400 2200 2000 1800 1600 1400 1200
Wavelength (nm)

2400 2200 2000 1800 1600 1400 1200

Wavelength (nm)

-Log Reflectance (SNV corrected)

2400 2200 2000 1800 1600 1400 1200
Wavelength (nm)

-Log Reflectance (SNV corrected)

2400 2200 2000 1800 1600 1400 1200
Wavelength (nm)

Fig. 10. The FT-NIR spectra (treated with SNV) of the forms I-IV of Emodepside at different RH.
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In the spectrum of form I which sorbs minor quantities of water
with rising RH, spectral variations are only visible around
1920 nm because of the increased molar absorptivity of water in
this wavelength region.

In the overtone region and the OH combination region of the
spectra of the forms II-1V, several overlapping bands are visible
above 0% RH. This suggests the presence of differently bound
water molecules inside the crystal lattices (different “types of
water”), as the wavelengths at which water absorbs change with
alterations in the strength of hydrogen bonding [17,21,27]. To
study the different types of water, the second derivative of the
spectral data in the OH combination region was used (Fig. 11)
[28,29]. The second derivative has the benefit of enhancing the vi-
sual resolution, but it causes the loss of the original shape of the
spectra [30]. In the second derivative spectra, the band maxima of
the original spectra appear as band minima of negative bands. Fig.
11 shows the second derivative spectra of the forms I-1V at differ-
ent RH. Regarding the forms II-IV, several negative bands emerge
above 0% RH. These negative bands correspond to the OH combi-
nation bands in the original spectra. Each negative band repre-
sents a certain type of water molecules. The greater the
wavelength the band minimum is located at is the stronger is
the hydrogen bonding of the water molecules represented by this
band [31]. At 11% RH, form II shows two negative bands (at 1903
and 1952 nm). The intensities of these bands increase up to 47%
RH (band around 1952 nm) and 85% RH (band at 1903 nm),
respectively. This indicates that the amount of the water mole-
cules belonging to the water types reflected by these two bands
increases inside the crystal lattice up to the mentioned RH. At
47% RH, a third type of energetically equivalent water molecules
arises (negative band at 1935 nm) and the amount of this species
of water molecules increases up to high RH.

Form III also shows two types of water at 11% RH (1884 and
1910 nm) (Fig. 11). With rising RH, however, the intensities of
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the negative bands at 1884 and 1910 nm decrease indicating a
diminution of the amount of these types of water molecules. In ex-
change, stronger hydrogen bonded water molecules appear at 47%
RH (negative bands at 1891, 1924, 1954 and 1959 nm). The
amount of the water molecules reflected by the bands at
1891 nm and around 1924 nm increases up to 85% RH. The ob-
served changes in band positions and intensities with rising RH
might be explained by an increase in the hydrogen bonding of
the water molecules by their interaction with the water molecules
that additionally enter the crystal lattice.

Regarding form IV, the sharp band at 1891 nm in the raw spec-
trum produces a sharp and intense negative band in the second
derivate spectrum (Fig. 11) which eclipses the intensity changes
in the region of 1900-2000 nm. Therefore, this region is zoomed
to be able to identify all the bands present. Fig. 11 reveals five types
of water incorporated into the crystal lattice of form IV at 11% RH
(negative bands at 1891, 1905, 1929, 1959 and 1973 nm). While
the intensity of the band at 1929 nm does not change with rising
RH, the bands at 1959 nm and 1973 nm increase up to 47% RH,
whereas only the band at 1891 nm rises up to high RH. The band
at 1905 nm decreases in intensity with rising RH. The changes of
the intensities of the bands suggest that the majority of the water
molecules are incorporated at low RH. This agrees well with va-
pour sorption analysis.

In contrast to the forms II-IV, form I shows a single negative
band at 1890 nm that increases slightly in intensity with raising
RH. The wavelength the band minimum is located at and the low
absolute intensity of the band are consistent with water being
loosely bound to the crystal surface.

3.4. Crystal structure determination of form IV

The crystal data of a single crystal of form IV of Emodepside
stored at ambient humidity are given in Table 2. The results of

-Log Reflectance (2nd der.)
-0.004 -0.002 0.000 0.002

— 85% RH ! 1903

2000 1980 1960 1940 1920 1900 1880 1860
Wavelength (nm)

w0
—~ 97
5 2
- o
°
=
g
§ e 7T 0% RH
8 S "~ 11% RH
g < | —— 47%RH
5 I J— 62% RH
14 — 85%RH
j=2)
S el
= 1891

S 1973 1959 1929 1905 ¥~

2000 1980 1960 1940 1920 1900 1880 1860
Wavelength (nm)

Fig. 11. The FT-NIR spectra (second derivative) of the forms I-IV of Emodepside in the range of 2000-1850 nm obtained at different RH.
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Table 2
Crystal data for Emodepside form IV

Emodepside form IV

Empirical formula C60 H90 N6 015.73
Formula weight 1146.98
Temperature (K) 100

Crystal size (mm?) 0.60 x 0.04 x 0.04

Crystal system Trigonal

Space group P3

a (A), «(°) 41.1838(3), 90

b (A), B°) 41.1838(3), 90

c (A), y(°) 6.48470(10), 120
Volume (A3) 9525.18(18)

VA 6

Density (calculated) (g/m?) 1.200
Goodness-of-fit on F? 1.089

Final R indices [I>2sigma(])]
R indices (all data)

Ry =0.0403, wR; = 0.0974
R; =0.0430, wR; = 0.0990

the crystal structure determination will be deposited at the Cam-
bridge Structural Database (CSD). Form IV crystallises as twin
(twinning by merohedry). Fig. 12 shows that form IV represents
a hydrate having two Emodepside molecules and four well-defined
positions for water in the asymmetric unit. The sites of the water
molecules 01W and O2W are fully occupied, whereas the positions
of the water molecules O3W and O4W are occupied to approxi-
mately 75% and 70%, respectively. This gives a ratio of 1.7 mol
water to 1 mol Emodepside which is found in form IV at 54% RH
(see Section 3.3.2). O1W, 03W and 04W are each located in the
vicinity of the oxygen atom of an amide group with an O—O dis-
tance <3 A which suggests the formation of hydrogen bonds
(Fig. 12). O1W and 04W have similar O—O distances (01W—014B:
2.874 A, 04W—014A: 2.859 A), whereas O3W displays a bigger
0—0 distance (03W—07A: 2.994 A) suggesting that 03W is com-
paratively weakly hydrogen bonded. In the environment of O2W,
the oxygen atoms of two amide groups display 02W—O distances

<3 A (02W—07B: 2.959 A, 02W—09B: 2.982 A) which indicates
that O2W has two relatively weak hydrogen bonds.

As form IV was found to be a non-stoichiometric hydrate form-
ing an isomorphic dehydrate, the water molecules have to be able
to enter/leave the crystal lattice without disrupting the crystal
structure. The unit cell (Fig. 13) shows that the water molecules
are isolated being located in different structural voids. These voids
do not form a straight channel through which the water molecules
could easily escape. Therefore, it is difficult to predict how the
water molecules leave the crystal.

The results of the crystal structure determination are consistent
with the conclusions drawn from Raman analysis and vapour sorp-
tion analysis. Raman measurements at different RH suggested form
IV to be a hydrate with water molecules hydrogen bonded to C=0
groups of amid functions. The shape of the sorption isotherm of
form IV (the change of the slope of the isotherm in the region of
low RH) indicated the presence of localised water molecules in
the crystal lattice at low RH. Regarding NIR analysis, the spectra
of form IV at varying RH revealed differently bound water mole-
cules to be present inside the crystal lattice. Having four different
water positions in the asymmetric unit, four different bands might
be expected in the OH combination region at 54% RH. However,
five bands were visible in the spectra at 47% RH and 62% RH (Fig.
11). A possible explanation might be that one of the singly hydro-
gen bonded water molecules O1W, O3W or 04W exists in two dif-
ferent energetic states due to two possible orientations of the non
hydrogen bonded hydrogen atom.

Although the crystal structure of form III is not known, the re-
sults of the various measurements indicate the presence of large
channels in the crystal structure. This conclusion was drawn be-
cause of the following results: form III incorporates the highest
amount of water molecules. Dehydration is not accompanied by
a jumping of the crystals indicating that the water molecules can
very easily leave the crystal structure. The strength of the bonding
of the water molecules incorporated into the crystal lattice rises

Fig. 12. The asymmetric unit of form IV of Emodepside found at ambient conditions. Labelled: the oxygen atoms representing the four water molecules 01W, 02W, 03W and
04W and the adjacent oxygen atoms of the two Emodepside molecules (0—O distance <3 A).
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Fig. 13. The unit cell of form IV of Emodepside at ambient conditions viewed down the c axis.

with increasing RH suggesting the interaction with the water mol-
ecules which enter the lattice. The water molecules not only affect
the vibration of C=0 groups, but also of C—H groups.

4. Conclusions

The analysis of the behaviour of the forms II-IV of Emodepside
at different RH using FT-Raman and FT-NIR spectroscopy and va-
pour sorption/desorption analysis revealed that all three forms
represent non-stoichiometric hydrates with differently bound
water molecules inside the crystal lattice. Regarding form IV, re-
sults were confirmed by crystal structure determination. While Ra-
man analysis served as an indirect proof that the water molecules
are incorporated into the crystal lattices, NIR spectroscopy was
suitable to differentiate between different types of water mole-
cules present inside the crystal lattices. Vapour sorption analysis
provided information on the order of the water molecules incorpo-
rated into the crystal lattice of form IV. Consequently, the methods
employed were not only able to elucidate that all three forms are
hydrates, but they also highlighted the differences between the
three non-stoichiometric hydrates allowing some conclusions con-
cerning the way the water molecules are incorporated into the
crystal lattices.
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