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The detailed knowledge of the solid forms of a drug is a key element in pharmaceutical development.
Morphine (MOR) is an opiate alkaloid widely used to treat severe acute and chronic pain. Much of the
available information on its solid state dates from several decades ago. In order to obtain updated and
reliable information, 1-dimensional (1D) and 2-dimensional solid-state nuclear magnetic resonance
spectroscopy were used and complemented with powder X-ray diffraction, FTIR, and Raman spectros-
copy and thermal analysis. >C cross-polarization with magic angle spinning 1D spectra accomplish a

fgﬁgﬁrgi; characterization complete identification of the related forms of MOR. Remarkably, 'H-'3C heteronuclear correlation

opioids spectra together with FTIR results gave clear evidence that neither MOR nor its hydrate crystallizes as a

hydrogen bond zwitterion. Our results indicate that the hydrogen bonds in the anhydrate forms have a different nature

zgﬁgtroscow or strength than in their respective hydrates. The unique information obtained would be useful for the
characterization of MOR as a bulk drug, dosage forms, and future developments.

© 2017 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction In fact, different solid forms of an API often lead to differences in

The solid-state chemistry of drugs has received major attention
in the last years and has become an increasingly important
benchmark in drug development, because solid-dosage forms are
the most commonly used preparations.

Active pharmaceutical ingredients (API) may exist in various
solid forms, which can lead to differences in the intermolecular
interactions, affecting the internal energy and enthalpy, and the
degree of disorder, affecting the entropy.' The development of new
formulations or materials based on a particular API requires a
detailed knowledge of the solid form because they can contain the
APl in a different crystalline form” or as an amorphous material,
which could affect the interaction with the rest of the components.®

This article contains supplementary material available from the authors by request
or via the Internet at http://dx.doi.org/10.1016/j.xphs.2017.05.021.
* Correspondence to: M.E. Olivera (Telephone/Fax: +54 351 5353865).
E-mail address: meoliver@fcq.unc.edu.ar (M.E. Olivera).
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physicochemical properties, for example, solubility, dissolution
rate, stability, and mechanical properties. Hence, the detailed
knowledge of the solid forms of an API is a key element in phar-
maceutical development.*?

Morphine (MOR) is an opiate alkaloid widely used to treat severe
acute and chronic pain, providing reliable analgesia for centuries.®
Since it was first marketed in 1827, much of the available informa-
tion on the solid state of MOR and its salts dates from several decades
ago and is particularly scarce for the hydrochloride salt (MOR-HCI),
the free base (MOR), and their hydrates. From the chemical point of
view, MOR is a zwitterion, with a basic amine group (pKa = 8.21) and
an acidic phenolic hydroxyl group (OH-C6, pKa = 6.5).” The high
melting point of MOR (254°C-256°C), which is higher than its sulfate
salt (250°C), reflects the high cohesive energy of the crystal, which
results in a low solubility in both water and lipophilic solvents.® The
aqueous soluble sulfate pentahydrate salt (mostly used in the United
States) and the hydrochloride trihydrate salt (MOR-HCL.3H,0; Fig. 1)
are in regular therapeutic use. In addition, MOR has been used in
several developments of pharmaceutical interest.”

0022-3549/© 2017 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Figure 1. Molecular structure of MOR (left) and MOR-HCI (right).

Although there are recent results on solid state of MOR-related
compounds, all these evidence does not allow correlating uniquely
with some of its pharmaceutical properties, in particular, the
information about the zwitterionic character of MOR crystals is still
inconclusive.® For example, Baranska and Kaczor'® have studied
MOR using Raman and FTIR spectroscopies. Besides, Guguta et al.!
have studied MOR, MOR-HCl, and some related hydrated
compounds by performing powder X-ray diffraction (PXRD) and
solving the structure by numerical programs and obtained infor-
mation on hydrogen bonds. Information on hydrogen bonds has
also been provided by a combination of experimental and
computational methods.'?

Solid-state nuclear magnetic resonance (ssNMR) has become an
extremely powerful and versatile technique for the study of drugs
in the solid state, particularly useful in pharmaceutical applications,
such as characterization of bulk drugs, inclusion complexes, drugs
in polymer matrixes, and dosage forms.">?! To our knowledge,
ssNMR has been applied neither to MOR-HCI.3H,0, which is a
commercially available salt in several countries,”” nor to MOR or
MOR-HCL. Considering that the use of MOR is widely extended, the
information obtained by ssNMR is particularly relevant because the
European Medicines Agency and the Food and Drug Administration
have recommended it as one of the reference techniques to
determine whether several forms of a drug exist.>>** In addition,
several new developments based on MOR, resulting in different
solid forms, have been proposed in the last years.>>’ Conse-
quently, ssNMR can provide a wealth of information that cannot be
obtained by other means.

The objective of this work was to obtain updated and reliable
information about the solid state of MOR-HCL.3H;0 and related
anhydrous and free base counterparts using >C cross-polarization
with magic angle spinning (CPMAS) and 'H-'3C heteronuclear
correlation (HETCOR) ssNMR techniques. FTIR and PXRD spectros-
copy, Raman, and thermal analysis were also performed.

Experimental Section
Materials

MOR-HCL.3H,0 was purchased from Drogueria Verardo SA,
Argentina. MOR.H,O was obtained by neutralization of MOR-
HCL3H,0 with 2M ammonium hydroxide (Cicarelli, Santa Fe,
Argentina). Briefly, 240 mg of MOR-HCL.3H,0 was dissolved with 5
mL of distilled water to obtain a clear solution with a pH of approx-
imately 5. After the addition of an equimolar amount of ammonium
hydroxide (0.40 mL), the white solid obtained was separated from
the supernatant by filtration and repeatedly rinsed with distilled
water until a pH value close to neutral was obtained. Subsequently,
the solid was dried to constant weight in an oven at 65°C.

To obtain the anhydrous counterparts, MOR-HCI.3H,0 and
MOR.H,0 were dried in an oven at 105°C for 1 h.

Solid-state NMR

High-resolution 3C ssNMR spectra and 2-dimensional (2D)
TH-13C HETCOR spectra for MOR-HCI.3H,0, MOR-HCI, MOR.H,0,
and MOR were recorded at room temperature on a Bruker Avance Il
NMR spectrometer operating at a resonance frequency of 300.13
MHz for protons and 75.46 MHz for carbons and equipped with a
4-mm magic angle spinning (MAS) probe. One-dimensional (1D)
13C spectra were obtained by performing ramped CPMAS?*%2°
technique and using SPINAL-64 heteronuclear decoupling during
acquisition.>® Glycine was used as an external reference for the 13C
spectra (dcooq = 176.46 ppm) and for setting the Harmann—Hahn
matching condition in the CP experiments at under 10 kHz of
spinning rate. For all the samples, 1024 scans were recorded in
order to obtain an adequate signal-to-noise ratio. The cycling time
was 5 s and the contact time during CP was 2 ms. SPINAL-64 pulse
sequence was used for decoupling during acquisition (82 ms), with
a proton field Hyy satisfying wqp/2m = yyH1n/27 = 60 kHz.

The nonquaternary suppression spectra (quaternary carbon
and methyl group only) were recorded for all the samples at 10
kHz MAS. Following the CP period, a delay of 40 ps was
introduced before the acquisition period without applying any
radiofrequency pulses on 'H and >C channels, resulting in a rapid
decay for the CH and CH, signals due to their strong'H-'3C
dipolar couplings. The signals of CH and CH; groups can thus be
suppressed, leaving only the signals of quaternary carbon and
methyl group.®!

2D 'H-13C HETCOR spectra for all the samples were recorded
following the sequence presented by van Rossum et al.>’The pulse
sequence starts with a (7/2+6,) pulse on protons, where 0, is the
magic angle, followed by a train of off-resonance frequency-
switched Lee-Goldburg (FSLG) pulses>>~* to cancel the first 2 terms
of the 'H-'H dipolar coupling Hamiltonian in the tilted rotating
frame. FSLG irradiation was applied during the t; evolution time in
multiples of the period 7, corresponding to a complete 27 rotation
around the tilted axis. After the train of FSLG pulses, the proton
magnetization is flipped back in the transverse plane by the magic-
angle pulse. A ramped-amplitude CP sequence was used to enhance
13C signals, and the SPINAL-64 pulse sequence was used to
decouple protons during '3C signal acquisition. The period © was set
to 7.68 ps. The CP contact time during HETCOR was set to 200 ps to
avoid any relayed homonuclear spin-diffusion-type processes, and
the recycle delay was 5 s. The duration of the magic-angle pulse
was 2.55 ps. The total acquisition time for proton dimension was
114 ms corresponding to 64 increments with a dwell time of
35.5 ps. The spinning rate was 10 kHz. The external reference for the
chemical shifts in the second dimension ('H) was Adamantane,
setting the'H signal to 1.85 ppm.>®

Vibrational Spectroscopy

FTIR spectra were recorded in a Vertex 70, Bruker Optics
spectrometer equipped with a DTGS detector, a Globar source, and
awide-range beam splitter. A single-reflection diamond attenuated
total reflectance (ATR) accessory (Platinum; Bruker Optics) was
used. Raman spectra were obtained using a RAM II accessory
coupled to the FTIR spectrometer. Samples were excited with an
Nd:YAG laser (1064 nm) and the scattered radiation recorded with
Ge detector refrigerated with liquid nitrogen. Raman and IR spectra
were obtained at a 2 cm~! resolution.

Powder X-Ray Diffraction

Powder X-ray diffractograms were obtained using a D8
Advanced Bruker AXS, equipped with a theta/theta goniometer,
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Figure 2. °C CPMAS spectra for MOR, MOR-HCl, and their hydrates. Carbon
numbering corresponds to Figure 1.

operating in the Bragg-Brentano geometry with a fixed specimen
holder, Cu Ko, (0.15419 nm) radiation source, and a LynxEye de-
tector. The voltage and electric current applied were 40 kV and 40
mA, respectively. The opening of the slit used for the beam inci-
dent on the sample was 0.6 mm. The sample was scanned

between 5° and 50° using the step scan mode (step 0.02°, inte-
gration time 1 s).

Thermal Analysis

Thermogravimetric (TGA) and differential scanning calorimetry
(DSC) curves were obtained using a Jupiter STA 449, NETZSCH
simultaneous thermal analysis equipment. A sample of around
2 mg was placed in sealed aluminum crucibles with pierced lids.
Measurements were made from room temperature up to 350°C
using a heating rate of 10°C/min. The sensors and the crucibles
were under a constant flow of nitrogen (70 mL/min) during the
experiment. The fusion, dehydration, and decomposition temper-
atures were taken as the extrapolated onset temperature of the
endothermic/exothermic peak.

Results and Discussion
TH-13C CPMAS Solid-State NMR

ssNMR provides a direct way to identify and analyze pharma-
ceutical derivatives to give information of molecular interactions,
conformations, or zwitterionic character.>’

Figure 2 shows the >C CPMAS spectra for MOR, MOR-HCI, and
their hydrates MOR.H,0 and MOR-HCI.3H,0. Table 1 reports the 1>C
chemical shifts for all the compounds.

All the compounds have different and well-identified spectra,
with well-resolved resonances for the 17 carbons present in MOR.
The assignments were performed by comparing reported 3C
spectra for MOR in solution®®>° and reported solid-state 3C spectra
for MOR sulfate.*>*! In addition, the nonquaternary suppression
spectra were used to support the assignments of quaternary car-
bons and methyl groups (Fig. S1, Supporting Information).

A common important feature in all the samples studied in this
work is the resonance splitting that can be observed for carbons C9,
C16, and C17. These asymmetric doublets are characteristic in high-
resolution solid-state spectra of carbons directly bonded to nitro-
gen (with spins % and 1, respectively), that is, the splittings are due
to 13C-14N residual dipolar couplings.*’ These resonance splittings
have been observed previously for the sulfate salt of MOR.***! The
most notable observation in MOR-HCL3H,0 and MOR-HCI3C
spectra (see Fig. 2 and Table 1) is the reduction of the line splitting
in the carbon signals belonging to C9, C16, and C17 which are 35 Hz

Table 1
13C Chemical Shifts (in ppm) Extracted From the 3C CPMAS Spectra in MOR,
MOR.H,0, MOR-HCI, and MOR-HCI.3H,0

Carbon Number* MOR MOR.H,0 MOR-HCl MOR-HCL.3H,0
1 1203 120.2 122.2 120.7
2 1164 119.2 1193 116.8
3 140.1 139.3 138.8 139.7
4 144.8 149.5 150.9 145.6
5 90.4 91.6 91.9 90.0
6 66.5 67.4 67.5 67.7
7 131.7 130.9 131.1 134.2
8 1309 1309 130.7 126.0
9 57.5,58.2 58.2, 58.7 60.6 61.5
10 20.0 23.0 234 21.7
11 127.8 126.3 125.6 1233
12 132.7 131.3 1305 130.2
13 435 43.8 419 43.2
14 40.3 40.4 39.6 38.5
15 36.4 35.5 32.8 345
16 46.8, 47.4 46.8, 47.4 473 46.8
17 43.8,44.4 42.2,42.8 422 41.8

¢ Carbon numbering corresponds to Figure 1.
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Table 2
Characteristic Hydrogen Bonds Extracted From Guguta et al."" and Braun et al.'?

Compound Characteristic HB

MOR-HCL.3H,0

C6-OH---N
C3-OH- - -0 (water)
C6-OH- - -0 (water)

OH---Cl™

OH- - -0 (water)
MOR-HCl N-H---ClI~

C3-OH---Cl

C6-OH---Cl~
MOR.H,0 C3-OH---N

C3-OH- - -0 (water)

C6-OH- - -0 (water)
MOR C3-OH---0-C6

smaller in MOR-HCI and its hydrate than in MOR or MOR.H0. It is
worth to mention that the residual dipolar coupling is proportional
to the quadrupolar coupling constant which is related to the elec-
trical field gradient and also depends on the orientation of the
principal directions of the electrical field gradient tensor in the
molecular frame. Small changes in the C-N distance could also be
noticed through changes in the splitting. Then, a change in the
electronic distribution of the C-N bond in the case of protonated
nitrogen could explain the reduction in the signal splitting for
carbons C9, C16, and C17 in MOR-HCI and its trihydrate.
Comparing the carbon resonances between MOR-HCI.3H,0 and
MOR-HC], visible shifts (2-7 ppm) to lower ppm for C2, C4, and C8
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and upper ppm for C7 in the hydrated compound can be observed
(Table 1). These carbons are in the neighborhood of the hydrogen
bonds which are established to Cl™ in the anhydrous case, and with
water in the hydrated one (see below in Table 2). In contrast, in MOR
and MOR.H;0, the observed shifts for resonances of C4 and C8 are to
lower ppm in the hydrated compound (Table 1). This change in
behavior in the shifts arises from the fact that in the hydrated MOR
the hydrogen bonds are established with water but in the anhydrous
compound the hydrogen bond is intramolecular (see below in
Table 2). The 13C spectra of MOR-H,0 show that C2, C4, and C10
show the larger shifts (2-5 ppm) to higher ppm with respect to MOR
resonances, giving evidence of a change in the environment on the
nearby carbons. Mainly C2 and C4 are close to C3-OH which is
involved in intra- or intermolecular hydrogen bonds.'°

TH-13¢C Heteronuclear Correlation

Figure 3 displays the 2D 'H-13C HETCOR NMR spectra for all the
compounds. The 3C spectra observed in the direct dimension
corresponds to a short contact time of 200 ps, used during the CP
period to allow the developing of short-range HETCOR only. The
H projection is shown in the indirect dimension. The 2D spectra
reveal well-resolved correlations between carbons and their
neighboring protons. This fact enables the assignment of the NMR
chemical shifts of the corresponding protons, which are shown in
Table 3. Besides, the correlations observed between the quaternary
carbons C4, C11, C12 and the nearby protons confirmed the
assignments for such carbons.
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Figure 3. "H-'3C HETCOR spectra for all the compounds. 'H spectra are shown in the indirect dimension. '>C spectra correspond to 200 ms of contact time. The circles show the
correlation between protons and the carbons bonded to the nitrogen. The dashed lines show the correlation between quaternary C3 and a proton around 12.6 and 12.1 ppm,

assigned to the OH proton.



C.B. Romanuk et al. / Journal of Pharmaceutical Sciences 106 (2017) 3033-3040 3037

Table 3
'H Chemical Shifts (in ppm) Extracted From the Correlations of the 'H->C HETCOR
Spectra—the Errors Are Around 1 ppm

H MOR MOR.H,0 MOR-HCl MOR-HCL.3H,0
1 6.2 49 4.1 6.4
2 6.3 5.5 53 5.7
5 33 3.8 4.1 6.2
6 24 33 3.8 43
7 5.1 5.2 54 5.5
8 4.9 5.2 6.0 5.2
9 23 2.7 35 4.5
10 2.1 2.0 29 43
14 1.8 1.6 3.2 3.8
15 1.6 1.1 14 33
16 1.6 1.2 22 4.1
17 13 1.6 2.6 3.6
OH-C3 NP 12.6 NP 12.1
NH NP NP 109 10.1

NP, not present.

The correlations between protons and the carbons bonded to
the nitrogen in all the compounds are highlighted in Figure 3.
A correlation between C9 and C17 with a proton at about 10.5 ppm,
assigned to the NH proton, can be clearly observed in
MOR.HCI.3H,0 and MOR-HCI. A less intense correlation with C14 is
also present (not shown in Fig. 3 for clarity). Remarkably, these
correlations are totally absent in MOR and MOR.H;0, giving direct
evidence that the nitrogen is not protonated in these compounds.
As expected, a shift to higher ppm can be seen in the protons close
to NH (H9, H14, H15, H16, and H17) in MOR.HCl.3H,0and MOR-HCI
(Table 3). These facts confirm that neither MOR nor MOR.H,0O
crystallizes as a zwitterion, contrary to that reported by Muhtadi.?

Another important correlation is the one between the
quaternary carbon C3 and a proton around 12.1 and 12.6 ppm in
MOR-HCI.3H,0 and MOR-H;0, respectively, assigned to the OH-C3
proton. This correlation is absent in MOR-HCI and MOR, suggesting
that the hydrogen bonds are placing OH-C3 proton beyond the
maximum distance detectable by HETCOR. The presence of water in
the molecules reduces the distance between the OH proton and C3,
allowing a correlation to be detected by HETCOR experiments. The
fact that the OH-C3 proton is involved in hydrogen bonds can be
used to distinguish the nature of the hydrogen bonds in hydrate
and anhydrate forms.

Previous works in MOR and derivatives, performed by refining
results from PXRD data, gave evidence that OH-C3 proton of MOR
participates in intramolecular hydrogen bonds, whereas in the
hydrate this hydrogen bond occurs with H,0.>3? In Table 2, we
have reproduced the results obtained in references.>*>>* In the case
of MOR-HCI, hydrogen bonds are mainly with Cl~. Then, the fact
that OH is not visible in MOR and MOR-HCl HETCOR spectra gives
evidence that the hydrogen bonds in the anhydrate forms have a
different nature or strength than in their respective hydrates.
Moreover, the changes in the 1D '>C-NMR spectra of MOR
compared to MOR.H,0 can be related to the different hydrogen
bonds established in both molecules.

Vibrational Spectroscopy

Figure 4 shows the characteristic FTIR spectra of the 4 com-
pounds under study. Table 4 displays the vibrational frequencies (v)
together with their assignments which are in agreement with data
previously published.!"*3-4°

In agreement with the protonation observed from 'H->C HETCOR
experiments, a band at 2719 cm ™, assigned to the N-H vibration of
the protonated nitrogen of the tertiary amine, can be observed in
both MOR-HCL3H;0 and MOR-HCI spectra (Fig. 4).
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Figure 4. FTIR-ATR spectra of MOR, MOR-HCI, and their hydrates.
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Assignments and Characteristic Frequencies (cm~!) for MOR, MOR-HCI, MOR.H,0,

and MOR-HCI.3H,0

Assignments

Frequencies (cm™')

MOR MOR.H,0 MOR-HCI MOR-HCL.3H,0

O-H (C3 and C6)
C-H stretching

3459-3269 3485-3187 3294-3210 3296-3213
2938, 2917 2939, 2918 2939, 2913 2939, 2912

H3C-N-H* (N-H vibration) NP NP 2719 2719

H5C-N (C-N vibration)

2864-2839 2859-2824 NA NA

C7 = Cg and aromatic C=C 1646-1616 1645-1613 1647-1615 1646-1614

NP, not present; NA, not assigned.

In addition, MOR and MOR-HCl show sharp bands around
3500-3200 cm ™, corresponding to the vibration of the OH groups
bonded to C3 and C6. As expected, the hydrated counterparts
exhibit a new band and also a widening of the previous ones,
probably due to the hydrogen bonds favored by the presence of
H,O0 (Fig. 4).%°

Furthermore, the bands around 1625 cm™ ! associated with the
stretching of the C=C bonds display distortions (seen in FTIR and
Raman) in the hydrated compounds probably due to the close
presence of the hydrogen bonds of C6 with the water molecules.

Powder X-Ray Diffraction

The PXRD patterns for MOR-HCI, MOR, and their corresponding
hydrates (Fig. 5) were coincident with those calculated from the
structures reported in Cambridge Structural Database, previously
reported.*’~>° An additional small reflection at 12°0 (which is pre-
sent in MOR.H,0) was observed in MOR, suggesting that a small
amount of the hydrated phase is present in the sample, probably
due to unintentional hydration of MOR during manipulation.

The presence of water produced an increase in crystallinity with
respect to the hydrated forms, confirming that water is part of the
structure as observed by NMR and FTIR. Water, being a small
molecule with great capacity to build hydrogen bonds, can easily
form part of the crystal structure, even providing some additional
stability.*®

Thermal Analysis

Figure 6 shows the DSC and TGA results of MOR-HCI, MOR, and
their corresponding hydrates.

The DSC curves of MOR-HCl and MOR-HCI.3H,0 show decom-
position exotherms together with weight loss in TGA around 300°C,
indicating that these compounds do not have a definite melting
point. The DSC curve of MOR-HCL3H,0 exhibits a single broad
endotherm at 90.7°C (onset, 74.6°C; enthalpy, 372.7 ]J/g) associated
with a weight loss of 13.6%, which agrees with the expected value
for the simultaneous release of the 3 water molecules (14.4%).

All these events are in agreement with DSC and TGA reported for
MOR.H,0 and MOR-HCI.3H,0 by Braun et al.,'? allowing to identify
completely the compounds under study.

The DSC of MOR.H,0 shows a wide endotherm at 100.8°C
(onset, 95.9°C; enthalpy, 6.44 ]/g), paralleled by a weight loss in TGA
assigned to the release of 1 molecule of water (experimental, 4%;
theoretical, 6%). Dehydration is completed at 118°C. After that
event, the TGA and DSC profiles are similar to those of MOR
exhibiting melting with decomposition.

The DSC of MOR exhibits 1 acute endotherm at 260.9°C corre-
sponding to its melting point (onset, 259.3; melting enthalpy, 133.3
]/g), followed by an exothermic degradation peak showing weight
loss in the corresponding TGA run. In addition, no weight loss was
observed in the TGA profile of MOR when heated from room
temperature up to fusion, indicating their anhydrous nature. The
high melting enthalpy of MOR reflects high cohesion energy in the
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Figure 5. PXRD patterns of MOR, MOR-HCI, MOR.H,0, and MOR-HCl.3H,0.

crystals, approaching to the values informed for some organic
zwitterionic compounds.”’ However, our results confirmed that
MOR does not crystallize as a zwitterion and, hence, the high
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Figure 6. DSC (solid line) and TGA (dashed line) thermograms for MOR, MOR-HCI, and their corresponding hydrates.

cohesion energy can be explained by the number and nature of the
hydrogen bonds.

Conclusions

The solid-state characterization of MOR MOR-HCl and their
corresponding hydrates was revisited and updated by using IR, DSC,
TGA, and X-ray studies. In addition, new information was provided
by performing ssNMR advanced techniques. In particular, C
CPMAS 1D spectra produced a complete identification of the
4 related forms of MOR, distinguishing between all the compounds.
Remarkably, the expected splitting in the signals of carbons bonded
to N quadrupolar nuclei was observed in MOR and its hydrate,
whereas in MOR-HC], this splitting was almost negligible, reflecting
different electronic distribution of the C-N bond in MOR and
MOR-HCL.

Connecting the information obtained from the 2D 'H-'3C
HETCOR spectra with FTIR results, we arrived at the confirmation
that MOR, in its 2 forms anhydrous or hydrated, is not a zwitterion,
in contrast to that proposed in previous reports. The protonation of
the nitrogen was evident from the 2D HETCOR experiment, in the
hydrochloride and its hydrate, also supported by the IR results. It is
not minor to remark that, and although the compound is not
zwitterionic, the fact that the OH group was not visible in MOR and
MOR-HCI 2D HETCOR gives us strong evidence that the hydrogen
bonds in the anhydrate forms have a different nature or strength
than in their respective hydrates. These changes in the hydrogen
bonds are in agreement with X-ray results previously reported.

The information obtained is relevant for the characterization of
MOR as a bulk drug, dosage forms, and future developments.
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