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ABSTRACT: The phase behavior and characterization of two forms of naltrexone
hydrochloride dihydrate are presented. A metastable form was isolated first in the
solid state under kinetically controlled conditions, namely dehydration of a higher
hydrate followed by exposure to ∼38% relative humidity. The second, more thermo-
dynamically stable polymorph was isolated from an aqueous slurry at an elevated
temperature. The phase transition boundaries between naltrexone hydrochloride
anhydrate and the metastable hydrate species are established through a combination
of slurry and moisture sorption experiments to provide a detailed mechanistic understanding of the hydration/dehydration behavior.

■ INTRODUCTION

Pharmaceutical drug development programs place heavy empha-
sis on active pharmaceutical ingredient (API) form selection,
which can have a profound impact on both the drug substance
and drug product when the active ingredient is in contact with
excipients.1 It is estimated that one-third of pharmaceutically
active substances are capable of forming crystalline hydrates.2

During formulation and processing, small changes in seasonal
and/or environmental conditions can drastically affect the hydra-
tion/dehydration behavior of a crystalline solid. The risks asso-
ciated with uncontrolled hydration or polymorphic transforma-
tions include variations in physicochemical properties,3 such as
solubility,4 stability,5 dissolution rate, and bioavailability.6 It is
now common for new chemical entities to undergo solid form
screening while in early stages of drug development in order to
interrogate and understand the molecule’s propensity for form
diversity, if any.7,8 Importantly, case studies, which continue to
emerge in the literature on new forms of old compounds, signal
the need for continuous understanding and evaluation of solid-
state chemistry and an even greater emphasis on examining molec-
ular interactions between API and excipients.9,10 Simply put,
consideration of form does not end with form screening; it merely
begins the pursuit of developing products that consistently
meet the critical quality attributes of the intended dosage form.
Naltrexone, Figure 1, is an opioid receptor antagonist and has

been shown to be effective in the treatment of alcohol and opi-
oid dependence.11,12 Form diversity of naltrexone has been exten-
sively studied with several reported forms, including salts, solvates,
and a monohydrates.13,14 Oral naltrexone is marketed in a generic
form as the hydrochloride (HCl) salt and has also been widely
studied. Naltrexone HCl readily forms solvates, but only one
hydrate crystal structure is described in the Cambridge Struc-
tural Database.15 Guguta16 and co-workers report that, at
elevated relative humidity, naltrexone hydrochloride anhydrate
proceeds through an unspecified hydrate to then provide a sta-
ble tetrahydrate. In the present study, we elucidate the structure

of the previously unspecified hydrate and report the discovery
of a new polymorphic form of that hydrate.

■ EXPERIMENTAL SECTION
Materials. Naltrexone hydrochloride anhydrate was obtained from

Cilag. The preparation procedures for the hydrate/anhydrate forms are
described below. The new polymorphs were studied and characterized
by powder X-ray diffraction (PXRD), dynamic vapor sorption (DVS),
differential scanning calorimeter (DSC), and thermogravimetric
analysis (TGA).

Preparation of Naltrexone Hydrochloride Tetrahydrate. The
tetrahydrate was prepared by slurry at room temperature from an
aqueous solution containing excess naltrexone hydrochloride anhy-
drate. The slurry was stirred with a magnetic stir bar for 24 h before it
was filtered to then provide a filter cake of naltrexone tetrahydrate.

Preparation of Naltrexone Hydrochloride Anhydrate. The
anhydrate was obtained by dehydrating naltrexone hydrochloride tetra-
hydrate crystals over desiccant (calcium sulfate) in a sealed chamber
under vacuum for 24 h. The anhydrous crystal form was characterized
by DSC and PXRD.

Preparation of Naltrexone Hydrochloride Dihydrate Form I.
Crystalline naltrexone hydrochloride anhydrate was equilibrated for
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Figure 1. Chemical structure of naltrexone.

Article

pubs.acs.org/crystalCite This: Cryst. Growth Des. 2018, 18, 3502−3509

© 2018 American Chemical Society 3502 DOI: 10.1021/acs.cgd.8b00262
Cryst. Growth Des. 2018, 18, 3502−3509

D
ow

nl
oa

de
d 

vi
a 

PU
R

D
U

E
 U

N
IV

 o
n 

Fe
br

ua
ry

 1
, 2

02
1 

at
 2

1:
50

:4
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/crystal
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.8b00262
http://dx.doi.org/10.1021/acs.cgd.8b00262


24 h in a 33% RH salt chamber (saturated aqueous magnesium chlo-
ride solution). The naltrexone hydrochloride was removed from the
salt chamber after equilibration and provided dihydrate form I crystals,
as characterized by DSC and PXRD.
Preparation of Naltrexone Hydrochloride Dihydrate Form II.

Naltrexone dihydrate form II was prepared by slurry at 90 °C from an
aqueous saturated naltrexone hydrochloride solution. The slurry was
stirred with a magnetic stir bar for 24 h, whereupon it was filtered to
then provide a filter cake of naltrexone dihydrate form II. The dihydrate
form II crystals were confirmed by DSC, TGA, PXRD, and single crys-
tal X-ray diffraction.
Conditions To Provide X-ray Crystals of Naltrexone Hydro-

chloride Dihydrate Form I from Naltrexone Hydrochloride
Tetrahydrate. X-ray quality crystals of dihydrate form I could not be
grown directly from solution. The dihydrate form I crystals were obtained
by dehydrating X-ray quality tetrahydrate crystals over calcium sulfate
desiccant in a sealed chamber for 24 h. The crystals were then hydrated
to the dihydrate form I at 33% RH in a saturated aqueous magnesium
chloride salt chamber (as described previously) for 24 h. The dihydrate
form I crystals were then characterized by DSC, TGA, PXRD, and
single crystal X-ray diffraction. Naltrexone tetrahydrate crystals were
grown from a distilled water solution containing naltrexone anhydrate
(50 mg of naltrexone to 1 mL of H2O). The naltrexone solution was
filtered through a 0.45 μm filter, and the filtrate was left in a sealed vial
for one month. Large needle-shaped crystals of the tetrahydrate were
obtained.
Analytical Methodology. Single Crystal X-ray Diffraction. All

operations were performed on a Bruker-Nonius Kappa Apex2 diffrac-
tometer, using graphite-monochromated Mo Kα radiation. All diffrac-
tometer manipulations, including data collection, integration, scaling,
and absorption corrections, were carried out using the Bruker Apex2
software.17

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction pat-
terns of naltrexone hydrochloride anhydrate, dihydrate polymorphs,
and tetrahydrate were performed using a Rigaku Miniflex II Desktop
X-ray diffractometer, with Cu Kα radiation at 15 mA and 30 kV. Each
sample was mounted on a zero background sample holder. A scan speed
of 7.5°/min 2θ was chosen, coupled with a sampling width of 0.2° 2θ
and a start and stop angle of 2° and 40° 2θ.
DVS Analysis. DVS studies were performed with a DVS TA Instru-

ments Q5000 SA. Experiments were conducted at a constant temper-
ature setting of either 25 or 40 °C. Approximately 20 mg of naltrexone
hydrochloride sample was used in each experiment. Samples were
equilibrated at 0% RH for 3 h prior to starting any sorption studies,
unless otherwise noted. Typical DVS testing parameters included an
absorption/desorption cycle repeated twice. Each cycle began at 0%
RH with an absorption cycle up to 90% RH, and a 10% RH step
change. The mass change over time setting for each step was set to a
mass constancy of ±0.002% over 30 min. Phase changes were char-
acterized directly by PXRD.
To determine the precise %RH at which phase changes occurred,

additional DVS studies were conducted at a 1% RH step change. The
specific RH ranges of interest included 20−30% RH and 50−60% RH.
Studies were conducted at 25 °C with approximately 20 mg of naltrex-
one, and the samples were equilibrated at 0% RH for 3 h prior to
starting any sorption study. The equilibrium conditions for each step

were set to a mass constancy of ±0.002% over 30 min. Phase changes
were characterized directly by PXRD.

Differential Scanning Calorimetry (DSC). Differential scanning cal-
orimetry was performed with a TA Instruments Q2000 DSC. Approx-
imately 3−6 mg of sample was accurately weighed into hermetic pans.
Dry nitrogen was used as a purge gas (50 mL/min nitrogen), and a
heating rate of 1 or 5 °C min−1 to 270 °C was applied.

Thermogravimetric Analysis (TGA). Thermogravimetric analysis
curves were generated using a TA Instruments Q500 TGA. The instru-
ment was temperature calibrated with an indium standard. A weight
calibration was performed using standard weights under a nitrogen
purge. Approximately 5−15 mg of sample was weighed into a platinum
pan. A heating rate of 1 °C min−1 to 300 °C was applied, and dry
nitrogen was used as a purge gas (sample purge: 25 mL min−1, balance
purge: 10 mL min−1).

Microscopy. Polarized light micrographs were taken with a Carl
Zeiss AXIO Scope A1 polarized light microscope. Approximately 1 mg
of naltrexone hydrochloride sample was loaded into a GenRH-Mcell
humidity chamber combined with a GenRH-Ambient relative humid-
ity generator. Each absorption cycle starts at 0% RH with an absorp-
tion cycle up to 90% RH and a 10% RH step change. The humidity
airflow rate was set between 100 and 200 mL/min.

■ RESULTS AND DISCUSSION

Naltrexone Hydrochloride Dihydrate Form I. Initial
examination of the putative metastable dihydrate crystals revealed
that most were of very poor quality. X-ray quality crystals of
dihydrate form I could not be grown directly from solution.
A series of solid-state transformations carried out on X-ray qual-
ity single crystals of naltrexone hydrochloride tetrahydrate was
necessary to afford the metastable dihydrate. The initial unit cell
determinations on several samples suggested an approximately tri-
pled orthorhombic unit cell of dimensions ≈ 7.9 × 15.2 × 48.9 Å,
with a volume of ca. 5800 Å3, and 12 molecules per unit cell
(Z′ = 3), as shown in Tables 1 and 2. All determinations gave
similar results for cell constants, and after an exhaustive search
of over a dozen samples, a plausible candidate was selected for
data collection. Preliminary cell constants were obtained from
three sets of 12 frames. Data collection was carried out at 120 K,
using a frame time of 30 s and a detector distance of 70 mm.
The optimized strategy used for data collection consisted of
two φ and five ω scan sets, with 0.5° steps in φ or ω; complete-
ness was 99.7%. A total of 1322 frames were collected. Final cell
constants were obtained from the xyz-centroids of 5521 reflec-
tions after integration; final redundancy was 5.9.
From the systematic absences, the observed metric constants,

and intensity statistics, space group P212121 was chosen initially;
subsequent solution and refinement confirmed the correctness
of this choice. The structure was solved using SIR-2011,18 and
the remaining atoms were located on electron density differ-
ence maps. The structure was refined (full-matrix-least-squares)
using the Oxford University Crystals for Windows program.19,20

The asymmetric unit contains three molecules of naltrexone

Table 1. Unit-Cell Parameters of Hydrates

naltrexone hydrochloride
anhydratea

naltrexone hydrochloride
dihydrate I

naltrexone hydrochloride
dihydrate II

naltrexone hydrochloride
tetrahydratea

crystal system orthorhombic orthorhombic orthorhombic orthorhombic

space group P212121 P212121 P212121 P212121
a (Å) 7.8420(2) 7.8621(3) 8.1599(3) 7.768(1)
b (Å) 14.9942(4) 15.1732(6) 13.4040(4) 15.926(6)
c (Å) 15.5338(4) 48.8188(14) 18.1530(6) 18.099(5)
V (Å3) 1826.53 5823.8(4) 1985.49(11) 2239.08

aUnit cell data from ref 12; cells in the two cases are transformed to the conventional setting of a < b < c.
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hydrochloride and six water molecules (for the hydrochloride,
Z = 12; Z′ = 3). The second and third molecules are numbered
similarly to the first, with atom sequence numbers of exactly
100 and 200, respectively, greater than those of the reference
molecule. All non-hydrogen atoms were refined using aniso-
tropic displacement parameters. After the H atoms on electron-
density difference maps were located, the H atoms were initially
refined with soft restraints on the bond lengths and angles to
regularize their geometry (C−H in the range of 0.93−0.98 Å
and Uiso (H) in the range 1.2−1.5 times Ueq of the parent atom),
after which, the positions were refined with riding constraints.21

All but three of the acidic H atoms were located on electron-
density difference maps using a low-angle cutoff to help enhance
the contributions of H atoms to the electron density. Acidic
protons were refined using isotropic displacement parameters.
The crystallographic data confirm the observation made pre-

viously by Guguta12 and co-workers during their solid-state NMR
studies; the kinetic metastable dihydrate is not a mixture of
hydrates, and the three distinct carbon signals observed by NMR
arise from the presence of three independent molecules in the
asymmetric unit (Figure 2). Figure 3 shows a view projected

down the crystallographic a-axis of the modulation/pseudo-
symmetry among the three independent molecules, arranged
along the long c-axis. The labeled 1-series and 100-series molec-
ules are related by an approximate pseudotranslation of ≈ (0.14,
−0.02, 0.35), while the 1-series and 200-series molecules are
related by a pseudo-2-fold-screw rotation/translation along the
a-axis of ≈ (x, 0.52, 0.18)/(0.33, 0, 0).

The known absolute structure was confirmed using Flack
parameter refinement (x = 0.05(9)).22 Post-refinement analysis
revealed consistent answers to the latter value, with a Hooft
parameter of −0.02(3) and a Parsons difference parameter of
0.01(3).23−26 The final least-squares refinement converged to
R1 = 0.0868 (I > 2σ(I), 9529 data) and wR2 = 0.1731 (F2,
11812 data, 822 parameters). Restraints were used for a few
C atom ADPs and also in the refinement of acidic H atoms;
details are available in the CIF file, which is available as the
Supporting Information.

Naltrexone Hydrochloride Dihydrate Form II. Large
crystals of dihydrate form II were grown directly from a 70 °C
saturated aqueous solution of naltrexone hydrochloride. Prelim-
inary cell constants were obtained from three sets of 12 frames.
Data collection was carried out at 120 K, using a frame time of
10 s and a detector distance of 60 mm. The optimized strategy
used for data collection consisted of three φ and four ω scan
sets, with 0.5° steps in φ or ω; completeness was 99.9%. A total
of 2081 frames were collected. Final cell constants were obtained
from the xyz-centroids of 9938 reflections after integration; final
redundancy was 9.6. The crystal faces observed were ± (101),
± (100), ± (1 0−1), ± (010), and ± (001).
From the systematic absences, the observed metric constants,

and intensity statistics, space group P212121 was chosen initially;
subsequent solution and refinement confirmed the correctness
of this choice. The structure was solved using SIR-92.18 The
structure was refined (full-matrix-least-squares) using the Oxford
University Crystals for Windows program.15 The asymmetric
unit contains one molecule of naltrexone hydrochloride and
two water molecules (for the hydrochloride, Z = 4; Z′ = 1). All
non-hydrogen atoms were refined using anisotropic displace-
ment parameters. After the H atoms on electron-density differ-
ence maps were located, the H atoms were initially refined with
soft restraints on the bond lengths and angles to regularize their
geometry (C−H in the range of 0.93−0.98 Å and Uiso (H) in
the range of 1.2−1.5 times Ueq of the parent atom), after which,
the positions were refined with riding constraints.17 Acidic pro-
tons were refined using isotropic displacement parameters. The
known absolute structure was confirmed using Flack parameter
refinement (x = 0.00(3)).18 Post-refinement analysis revealed
consistent answers to the latter value, with a Hooft parameter of
0.024(14) and a Parsons difference parameter of 0.026(14).19−22

The final least-squares refinement converged to R1 = 0.0262
(I > 2σ(I), 5399 data) and wR2 = 0.0671 (F2, 5784 data,
275 parameters). The final CIF file is available as Supporting
Information.
The crystal structure of the form II dihydrate, including the

hydration voids, is shown in Figure 4. Structural analyses of the
hydrate voids were performed using a development version of

Table 2. Additional Crystallographic Data for Forms I and II

compound form I form II

chemical formula C20H28NO6Cl C20H28NO6Cl
a, Å 7.8621(3) 8.1599(3)
b, Å 15.1732(6) 13.4040(4)
c, Å 48.8188(14) 18.1530(6)
V, Å3 5823.8(4) 1985.49(11)
Z, Z′ 12, 3 4, 1
formula wt. g/mol 413.90 413.90
space group P212121 P212121
T, K 120(1) 120(1)
λ, Å 0.71073 0.71073
ρcalc, g cm−3 1.416 1.385
μ, mm−1 0.235 0.230
θmax; transmission factors 30.00°; 0.84−0.85 28.90°; 0.45−0.46
Ra 0.0868 0.0262
Rw

b 0.1731 0.0671
Sc 1.056 0.989
no. reflections
(all; I > 2σ(I))

9529, 11812 5399, 5784

no. parameters 822 275

Figure 2. Packing and hydration voids of naltrexone hydrochloride
dihydrate form I viewed down the a-axis.

Figure 3. Cutaway view of the asymmetric unit of naltrexone
hydrochloride dihydrate form I (Z′ = 3) viewed down the a-axis,
showing the modulation and pseudosymmetry present in the
asymmetric unit.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.8b00262
Cryst. Growth Des. 2018, 18, 3502−3509

3504

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b00262/suppl_file/cg8b00262_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b00262/suppl_file/cg8b00262_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b00262/suppl_file/cg8b00262_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.8b00262


Mercury 3.6.27 The crystal packing diagrams of naltrexone form
II dihydrate and that of the known naloxone hydrochloride
dihydrate28−30 are remarkably similar (Figure S4). Considering
Megaw’s precise and pertinent definition of strict iso-
morphism,31 the two structures are indeed strictly isomorphous
with the coordinates being nearly identical, except for the
three-atom difference in the structure, as shown in Figure 5.

The overlay in Figure 5 highlights the single terminal atom of
the vinyl group in naloxone hydrochloride dihydrate in relation-
ship to the two final atoms of the cyclopropyl group in nal-
trexone hydrochloride dihydrate form II.

Powder X-ray Diffraction (PXRD). Since it was difficult to
grow X-ray quality single crystals of naltrexone hydrochloride
dihydrate form I in the early stages of this work, PXRD was
employed to provide preliminary and definitive conformation of
the phase identity. Samples of naltrexone hydrochloride anhydrate
were placed in a humidity chamber containing a specific salt
solution known to provide a well-defined humidity. After the
naltrexone hydrochloride at 35% RH32 was equilibrated for 48 h,
a PXRD pattern was then collected, and a complete conversion of
naltrexone anhydrate to the dihydrate form I was observed. The
naltrexone dihydrate form I PXRD pattern contains sharp peaks
observed between 7.8−12.7 2θ and is offset from the anhydrate
pattern (Figure 6). Slurry conversion experiments led to the dis-
covery of dihydrate form II. Naltrexone hydrochloride dihydrate
form II was precipitated from a hot slurry of aqueous naltrexone
hydrochloride, and the powder was characterized by PXRD.
Above 58 °C in an aqueous slurry, the thermodynamically pre-
ferred naltrexone hydrochloride form is dihydrate II. The PXRD
pattern of dihydrate form II has a distinctive overlapping peak
with form I at 11.8 2θ followed by two characteristic broad
peaks at ∼13.0 2θ.

Naltrexone Hydrochloride Phase Boundaries. The
kinetic hydration/dehydration behavior of naltrexone hydro-
chloride was elucidated by DVS. Storage of naltrexone hydro-
chloride anhydrate in a desiccator under vacuum, followed by a
3 h drying cycle in the DVS chamber, ensured that bulk surface
water was removed, and that a constant weight could be achieved.
The anhydrate was investigated across a range of moisture con-
ditions from 0% RH to 90% RH with a 10% RH step rate at 25 °C.
Two separate phase equilbria were observed in the kinetic DVS
plot (Figure 7). The first phase boundary near 30% RH is the
transformation of the anhydrate to dihydrate form I. A mass %
change from anhydrate to dihydrate form I was recorded (+8.8%)
for the single transition. The second phase boundary is observed
near 60% RH and is the transformation of dihydrate form I to
the tetrahydrate. A mass % change from the anhydrate to the
tetrahydrate was recorded (+18.8%) for the two steps. The
stoichiometric ratio of water to naltrexone for each hydrate was
then calculated (1.8 at or near 30% RH and 3.9 at or near
60% RH), where weight gain and molecular weight are WG and
MW (Figure 8). Separately, a narrow RH range (20−30% and
50−60%) in DVS was selected to define the phase transition
boundaries of naltrexone dihydrate form I and tetrahydrate.
The RH step change was set to 1% RH to better define the key
phase transitions. At 1% RH step change, the phase transition
for the dihydrate form I and tetrahydrate are observed at

Figure 6. X-ray powder diffraction of naltrexone hydrochloride dihydrate form I and form II.

Figure 5. Structural overlay of naltrexone dihydrate form II (red) and
naloxone dihydrate (blue).

Figure 4. Packing and hydration voids of naltrexone hydrochloride
dihydrate form II viewed down the a-axis.
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28% RH and 58% RH, respectively (see the SI). Dehydration of
the tetrahydrate proceeds directly to the anhydrate, apparently
without going through dihydrate form I, as shown in Scheme 1.

The hysteresis between the sorption/desorption isotherms clearly
shows that the solid-state crystal hydration occurs via a two-step
process, followed by a one-step dehydration (see the SI).
A second DVS study, conducted at 40 °C, led to the dis-

covery of a new phase transition not previously seen at 25 °C
and the characterization of naltrexone HCl dihydrate form II.
The range of moisture conditions considered included 0−90%
RH with a 10% RH step size. The dihydrate form II phase
transition is observed during the desorption cycle at 30% RH
and is followed by a rapid dehydration (Figure 9). A second

sorption/desorption cycle clearly shows that dihydrate form II
does not proceed to the tetrahydrate, and the mass % change
from anhydrate to dihydrate form II is +9.5% or 2.2 waters per
naltrexone.
Slurry conversion experiments were performed in an effort to

measure the thermodynamic critical water activities of naltrex-
one hydrochloride hydrates. Water activity was controlled in
ten different solvents across a range of water/solvent ratios. How-
ever, all of the solvents considered formed solvate com-
plexes with naltrexone HCl, thus halting identification of the
critical water activities (see the SI).
Determination of form stability was investigated through a

series of temperature-dependent aqueous slurry experiments.
Slurrying of naltrexone tetrahydrate at 58 °C leads to dihydrate
form II, as confirmed by PXRD. Further heating of the slurry
up to 100 °C revealed no further phase transitions. The results
indicate that the higher energy forms of naltrexone are dihydrate
form I and the anhydrous form. Slurry bridging experiments
between the two dihydrate polymorphs were then carried out
to rank order the thermodynamic stability. When the two poly-
morphs are seeded into a hot slurry across a range of temper-
atures, dihydrate form II is formed exclusively. The kinetic
and thermodynamic stability data both point to a metastable
dihydrate form I and a thermodynamically stable dihydrate
form II.

Figure 10. DSC thermogram at 5 °C/min of naltrexone dihydrate
form I and form II.

Figure 9. DVS data for naltrexone hydrochloride anhydrate at 40 °C.
Figure 11. TGA thermogram at 1 °C/min of naltrexone dihydrate
form I and form II.

Figure 7. DVS data for naltrexone hydrochloride anhydrate at 25 °C.

Figure 8. Water stoichiometry formula.

Scheme 1. Environmental Conditions where Solid State
Hydration and Dehydration of Naltrexone HCl Occur
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Differential Scanning Calorimetry (DSC). The thermal
behavior of naltrexone hydrochloride dihydrate polymorphs is
shown in Figure 10. The comparison of DSC curves for each
polymorph shows a single dehydration endotherm due to sol-
vent loss and formation of the anhydrate between 20−120 °C.
The loss of water and the formation of the anhydrate are followed
by a naltrexone anhydrate melt onset at ∼203 with decomposition.
Thermal Gravimeteric Analysis (TGA). Dehydration and

water loss by weight for naltrexone dihydrate polymorphs were
characterized by TGA. The metastable dihydrate form I is

characterized by continuous mass loss upon heating (25−42 °C)
with a total mass loss of 8.3% (Figure 11). Dehydration of the
thermodynamically preferred dihydrate form II does not occur
until 38 °C, with a total mass loss of 8.4%. A comparison of the
total mass loss by TGA to weight % gain by DVS provides sim-
ilar values and is consistent with the theoretically calculated 8.5%
weight water loss for the dihydrate.

Polarized Light Microscopy. Solid-state form changes
were carried out in a humidity-controlled cell and observed by
polarized light microscopy. Naltrexone HCl anhydrate crystals
were placed in a humidity cell at 0% RH, which was then slowly
increased to 90% RH. As previously described, the solid-state
phase transitions of naltrexone HCl occur at 28% RH (dihydrate
form I) and 58% RH (tetrahydrate). At no point during the
humidity-driven form change could microcrystalline domain
growth be seen, nor was a loss in crystal transparency observed
(Figure 12). It should be noted that crystal-to-crystal transitions
characteristically retain crystal shape and transparency through-
out form changes, and that directly monitoring structural changes
of naltrexone hydrochloride hydration/dehydration should be
possible by variable-humidity X-ray diffraction.

■ CONCLUSION

A hydration/dehydration scheme showing the allowed phase
transitions and conditions for all known naltrexone hydro-
chloride hydrates has been shown. Naltrexone HCl is known to
form solvates (or hydrates if water is the solvent) readily, owing
to its characteristic structure.16 The persistent T-shape contrib-
utes to defined lattice voids and is responsible for the stoichio-
metric solvate formation. Hydration voids in the crystal lattice
of the naltrexone HCl dihydrate form I and dihydrate form II
vary greatly and most likely contribute to their varied kineticFigure 13. Comparison of naltrexone and naloxone crystal packing.

Figure 14. Calculated X-ray powder diffraction patterns of naltrexone hydrochloride dihydrate form II and naloxone hydrochloride dihydrate.

Figure 12. Humidity stage polarizing microscopy images.
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sorption profiles and the thermodynamic stability of form II
(Figures 2 and 4). We have shown that the asymmetric unit of
dihydrate form I contains three independent molecules of
naltrexone (Z′ = 3), while the asymmetric unit of dihydrate
form II contains only one independent molecule of naltrexone
(Z′ = 1). The humidity stage microscopic analysis of the crystal
hydration pathways points to crystal-to-crystal transitions, which
are now being investigated further. Finally, the observation that
one of the dihydrates of naltrexone HCl and naloxone HCl is
isomorphous is noteworthy (Figures 13 and 14). We are actively
studying the crystal-to-crystal transitions of several naloxone
and naltrexone forms and solvates and hope to report on these
findings in the future. The message is clear and highlights that
form exploration is not isolated to the single active molecule
present in a drug class, but it is predicated upon an under-
standing of available crystallographic data and the curiosity to
exploit more fully the chemical diversity within a class of chem-
ically related compounds. In the case of naltrexone HCl, this
work confirms that the most suitable form for development as
an oral product remains the anhydrous form, and that minor
changes in moisture sorption over time would not impact the
performance attributes of the drug.
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