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On the hydrates of codeine phosphate: the remarkable influence
of hydrogen bonding on the crystal size

The sesquihydrate and hemihydrate of codeine phosphate differ
by one water molecule per codeine cation. The influence of this
molecule on the internal crystal structure and how it translates
into the external crystal size and shape are reported.
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Codeine phosphate forms three hydrates and two anhydrates. The
sesquihydrate and hemihydrate, which differ by one water molecule,
are stable at room temperature. The influence of this molecule on
the internal crystal structure and how it translates into the external
crystal shape are reported.

Codeine is a natural alkaloid, which is extracted from the opium
poppy plant. It is a well-known narcotic, analgesic, antitussive and
anti-diarrhoeal active pharmaceutical ingredient (API) and has a
long history, for example, in the treatment of mild to moderate
pain, coughs, diarrhoea, and irritable bowel syndrome.1 It is such
a widely used narcotic that it can be found in the WHO Model List
of Essential Drugs. Codeine is frequently marketed in the form of
its phosphate salt (COP, Chart 1), only two hydrates of which
are commercially used in the preparation of pharmaceutical
formulations: the sesquihydrate (COP-S; 1.5 water equivalents
per codeine cation) and the hemihydrate (COP-H; 0.5 water
equivalents). Recently, thermoanalytical studies (TGA/DSC)
were published, revealing that, upon heating, COP-S transforms
into an unstable monohydrate (COP-M), which subsequently
converts into COP-H. Heating above 100 °C leads to the formation
of two anhydrous forms (COP-AI and COP-AII).?

Even though COP is an important API, there are many
unanswered questions regarding its solid state properties. Surpris-
ingly, especially given the fact that it is an API that has been used in
the pharmaceutical industry for more than half a century, the
published crystallographic research is scarce. The only crystal struc-
ture detailed in the literature is that of COP-H.> Among the most
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Chart 1 Structural formula of the codeine phosphate n-hydrate.

significant reasons for such poor crystallographic knowledge of COP
is its crystallization behaviour; it yields single crystals of COP-H, but
a polycrystalline bulk of COP-S (Fig. 1). It is known that changes in
the crystal structure alter the physical properties of a solid, including
the crystallization behaviour.* The effect of composition on the
crystallization behaviour displayed here is rather impressive as is
governed by the one water molecule difference between COP-S and
COP-H. The ability of the water molecule to change the crystal
structure (e.g. via hydrogen bonding networks) is recognised,*

20 pm?

Fig. 1 (a) Optical microscopy image of COP-H single crystals, and (b—d) SEM
images of COP-S polycrystalline particles (the red lines are a guide to the eye
for the microcrystals habit whereas the blue arrows indicate the cracks
perpendicular to the largest crystal axis).
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and the COP hydrates stand out as extreme examples of how it
translates into the physical size and shape of the crystal. Moreover,
when dealing with APIs, the physics of the solid is very important, as
it might affect a number of properties, including (but not limited to)
toxicity, bioavailability, chemical stability or shelf life.> Therefore, an
understanding of the role of one additional water molecule in how
the COP crystal grows is highly desirable.

In the course of the present research, as well as during previous
studies on the solid state transformations and solvatomorphism,’
recrystallization of COP in different solvents always leads to single
crystals of COP-H and powder samples of COP-S. Given the poly-
crystalline nature of COP-S, here, its crystal structure was solved
using X-ray powder diffraction (XRPD), which is an emerging
technique for structure solutions of pharmaceuticals.® Indexing
was performed using first principles by the iterative use of singular
value decomposition, followed by Pawley fitting and the simulated
annealing approach to solve the crystal structure, which was later
refined by the Rietveld method, confirming the solution and, in
addition, providing information on the microstructure.f i The asym-
metric unit of COP-S is composed of two codeine cations adopting
the characteristic T conformation known from related compounds
of the opiate family.® One slight difference in the crystal structures of
the codeine cations in COP-S and COP-H is the orientation of the
methoxy group. The crystal packing of the cations is similar to the
one in COP-H, as shown in Fig. 2(a-d). The similar packing of
the codeine cations cannot solely account for the difference in
crystallization behaviour. Irrespective of being similarly packed,
independent codeine units are linked differently to other consti-
tuents of the asymmetric unit. In COP-H, two cations are linked
together through (codeine}-O-H---O—(codeine) hydrogen bonds,
employing the hydroxy and methoxy groups, the hydroxy group is
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Fig. 2 Crystal packing of COP-H shown in (a) and (c) and COP-S in (b) and
(d). Hydrogen bonding of the codeine cations of (e) COP-H and (f) COP-S.
The extended hydrogen bonding network of phosphate anions and water
molecules of (g) COP-H and (h) COP-S. The unit cell content of COP-H is
doubled for better comparison with COP-S.
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additionally bonded to the water molecule and moreover, both
codeine cations are bonded to the phosphate anions via (codeine)-
N-H- - -O-(phosphate) hydrogen bonds (Fig. 2(e)).> The hydrogen
bonding scheme of COP-S differs significantly from that of COP-H.
In one of the codeine cations, the protonated amino group and the
hydroxy group are both bonded to water molecules, whereas in the
other cation the same groups are bonded to the oxygen atoms of
the phosphate anions (Fig. 2(f)).

The crucial difference between the COP-H and COP-S struc-
tures is the hydrogen-bonding network of the phosphate anions
and water molecules. The adjacent phosphate anions of COP-H
are pairwise joined together by hydrogen bonds to build an
extended ribbon chain on which the water molecules and
codeine cations are attached (Fig. 2(g)). The presence of an
additional water molecule leads to the completely different
hydrogen bonding scheme in COP-S, where a complex 2D layer
is formed (Fig. 2(h)).§ The phosphate anions are joined pair-
wise, additionally linking to water molecules as well as the
hydroxy and protonated amino groups of the codeine cations.
Three crystallographically different water molecules are pre-
sent, two of them bonded to the codeine cations and one only
participating in the formation of the phosphate-water 2D layer.
The differences in the hydrogen bonding motifs are clearly
reflected in the IR spectra.t As previously observed,” the spectrum
of COP-H exhibits two sharp peaks (3503 and 3460 cm™ ') and two
shoulders (3540 and 3401 cm ') ascribed to mixed N-H and O-H
vibrations. The extensive hydrogen bonding observed in the
structure of COP-S helped to explain the large redshift, manifested
by the appearance of a broad band with superimposed shoulders
(~3270, 3457 and 3500 cm ).

The disparity in the crystal structures of COP-H and COP-S
can be related to the differences in their crystallization beha-
viour and crystal shape. As previously indicated,’ a systematic
comparison of the phosphate ribbon chain motif in COP-H with
related structures points out that this very simple synthon is
favoured by the packing of dihydrogen phosphate anions. Thus,
the propagation of the chain and attached codeine cations from
the surrounding solution forms druses of single crystals with
the prismatic habit. With careful evaporation of the solvent,
crystals of COP-H larger than 500 um in length can be easily
grown (Fig. 1(a)). In contrast, COP-S crystallizes as extensively
cracked prismatic crystals rarely exceeding a few micrometres
in size (Fig. 1(b-d)). Rietveld refinements indicated that average
domain sizes range within 0.1 and 0.15 pm.% It is known that
the crystal growth is heavily affected by the presence of defects
in the structure, which often cause growth termination. The
introduction of such defects in the simple phosphate chains in
COP-H is less likely as compared to the complicated 2D network
in COP-S, where the absence and/or displacement of, for
example, a single H,O molecule, can severely disrupt the 2D
structure. Interestingly, this 2D layer is packed perpendicularly
to the largest unit cell axis (Fig. 2(b and d)), which possibly
correlates to the cracks in the microcrystals, perpendicular to
the longest crystal axis (Fig. 1(c and d)).

The well-defined, 2D hydrogen-bonded phosphate-water net-
work, on which the codeine cations are attached, ensures the
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Fig. 3 (a) Thermoanalytical characterization curves of COP-S2 (b) 3D
projection of scattered X-ray intensity of COP-S presented as a function
of the diffraction angle and temperature, the different phases are colour
coded according to the (c) dehydration/polymorphism sequence.

very stable crystal packing of COP-S, which is stable at room
temperature (RT) and under both ambient and saturated humidity
conditions.”® COP-S was proved to be the highest hydrate, with
1.5 water molecules per codeine cation. The study of its thermally-
induced process was revisited, complementing the published
thermoanalytical data (summarized in Fig. 3(a))* with in situ
crystallographic analysis. The aim of this was to detect the
unstable COP-M form and to firmly establish the dehydration
scheme of this pharmaceutically important compound. The
DSC curve (Fig. 3(a)) indicated that four endothermic transitions
before thermal decomposition occurred (starting at ~240 °C, as
shown by the TG and DTG curves). The second peak visible on
the DSC curve (at 99.9 °C) was not detected in the DTG or ¢-DTA
analyses. To confirm that this low-energy effect is not due to the
experimental error or an artefact, temperature-resolved XRPD
data were collected in situ (Fig. 3(b)).§ The changes in the
scattered X-ray intensity of COP-S as a function of the diffraction
angle and temperature nicely complement the DSC results,
showing four transitions below 210 °C. The first three thermal
effects are assigned to the dehydration sequence: COP-S —
COP-M — COP-H — COP-Al followed by one polymorphic
transition, COP-AI — COP-AIl, before total degradation takes
place (Fig. 3c). An interesting observation is that, upon heating,
unlike all other forms, COP-AII exhibits a large and continuous
diffraction peak shift towards higher angles, indicating signifi-
cant unit cell positive thermal expansion.

In summary, COP crystallizes as two hydrates at RT, sesqui-
hydrate COP-S (1.5 H,0) and hemihydrate COP-H (0.5 H,0),
whereas the intermediate COP-M form (1 H,O) is unstable.
At high temperatures, two anhydrous polymorphs are produced
(COP-AI and COP-AII). The presence of 1.5 H,O molecules per
codeine cation leads to a stable form at RT and at ambient and
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saturated humidities. Losing 0.5 H,O molecules per codeine
cation equivalent results in instability (COP-M) and a further
loss of 0.5 H,O molecules once again stabilizes the structure
(COP-H). COP-S and COP-H have similarly packed codeine
cations and differ only by one water molecule per cation. However,
this single water molecule makes a huge difference in the hydro-
gen bonding network. This detail of the internal crystal structure
highly influences the external crystal shape and stability. COP-H
forms single crystals, whereas COP-S crystallizes as cracked
microcrystals with domains as small as 0.1 pum.
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I Crystallographic details of COP-S: 20 range 3-66°, X-ray radiation with
4 =1.540596 A, data collection time of 24 h. Space group P2,2,2,, unit
cell: a = 33.4761(7) A, b = 16.0612(3) A, ¢ = 7.1921(2) A; Ryragg = 0.0225,
Reyp = 0.0099, Ry, = 0.0348, R, = 0.0285, 89 refined parameters.

§ For measuring the hydrogen bonding, the intermolecular O-O distances
were studied and the values are deposited in the CIF file.

9 In situ XRPD patterns were collected at each degree upon heating, in a
20 range of 10-13°, 4 = 1.540596 A, with a data collection time of 2 min.
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