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Abstract

The aim of this work is to establish a correlation between water uptake by anhydrous sodium naproxen (ASN) at two different relative
humidities and modifications in tableting and densification behaviour under hydration. Water uptake was evaluated at different relative
humidities. Models for the hydration kinetics of ASN at 55% and 86%, corresponding to the formation of the dihydrated and tetrahy-
drated forms, respectively, were evaluated assuming Eyring’s dependence on temperature. Tabletability, compressibility, compactibility,
and densification behaviour were determined using an instrumented single punch tablet machine. Kinetic data are consistent with a
model where water molecules enter the crystal preferentially along hydrophilic tunnels existing in the crystal structure and corresponding
to the propionate side chain. Water inclusion perturbs the crystallographic structure, causing slight structural changes according to the
amount and associated to an increase in entropy. The interposition of water molecules between sodium naproxen molecules weakens
intermolecular bonds, and these sites can behave like sliding planes under compression. Such structural changes may explain the
improved compression behaviour and modified densification propensity mechanism. Kinetic data describing the water hydration mech-

anism of ASN explain in an original way the improved tableting and densification properties under hydration.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Naproxen ((S)-(+)-6-methoxy-a-methyl-2-naphtalene-
acetic acid) is a drug belonging to the class of aryl propi-
onic acid derivatives (APAD) of non-steroidal anti-
inflammatory drugs (NSAID). It consists of an aromatic
moiety and a propionate side chain, with an asymmetric
carbon in the side chain [1]. Because of its low water solu-
bility, sodium salt is preferred to its acidic form (Fig. 1).

Despite being a well-known drug, it has only recently
been revealed that it can exist in several hydrated forms,
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when exposed to humid air. A dihydrated form of sodium
naproxen was formed by exposing the powder to an RH
higher than 55% [2], while a tetrahydrated one was formed
at an RH higher than 76% [3].

Kim [4] has already described the monohydrated form
of sodium naproxen, recovered by partially dehydrating
the dihydrated form or by crystallising from a water—alco-
hol mixture. In addition, the same author also studied the
dehydration mechanism of the dihydrated and monohy-
drated forms when heated [5,6].

Although there are many pharmaceutical ingredients,
drugs or excipients capable of forming hydrates, few works
have focused on explaining the effect of hydration on the
mechanical properties of powders [7-9].

In a recent work [10], authors produced medicated gran-
ules of sodium naproxen by wet granulation in a high-shear
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Fig. 1. Chemical structure of sodium naproxen.

mixer-granulator and verified that during the wetting phase
sodium naproxen hydrated to the tetrahydrated form. By
applying two different drying procedures, mixtures of dif-
ferent hydrated forms were recovered, and different com-
pression behaviours described. To prove that differences
in compression behaviour of sodium naproxen can be
ascribed to hydration degree, the behaviour of the active
raw material under compression will be examined at differ-
ent hydration degrees in this work, the objective of this
work is therefore double:

(a) To explore the mechanism of crystal hydration from
anhydrous sodium naproxen to two different
hydrated forms of sodium naproxen.

(b) To analyse the effect of hydration on the compression
properties and densification mechanism of sodium
naproxen powders.

Within this framework, authors will try to establish that
a relationship exists between the hydration of sodium
naproxen at different relative levels of humidity and its tab-
leting and densification behaviour. The authors will also
try to explain the reasons why differences in tableting and
densification behaviour result from the mechanisms of
water inclusion inside the crystal and the consequent per-
turbations caused by them.

2. Materials and methods
2.1. Chemicals

Anhydrous sodium naproxen (ASN) (Eur. Ph., USP)
was kindly supplied by ACRAF (Ancona, Italy). To avoid
unwanted hydration, ASN was stored in a desiccator in the
presence of diphosphore pentaoxyde (Sigma—Aldrich, Sten-
heim, Germany). For the hydration experiments, several
salts were used, capable of generating different relative
humidity percentages (RH%): lithium chloride, potassium
acetate, magnesium chloride, potassium carbonate, magne-
sium nitrate, ammonium nitrate, sodium chloride, ammo-
nium sulfate, potassium chloride, and potassium sulfate
(Sigma-Aldrich, Stenheim, Germany). During the com-

pression study, Avicel PH 101 (FMC, Bruxelles, Belgium)
and magnesium stearate (Mallinckrodt, Strasbourg,
France) were used.

2.2. Isothermal water sorption experiments

Appropriate amounts of ASN were stored in an incuba-
tor (Velp Scientifica, FTC 90E, Usmate, Italy) at 25 °C.
Powders were in turn placed in several boxes under appro-
priate RH%, obtained with saturated salt solutions, which
generated a controlled water vapour pressure. Experimen-
tal RH% was checked with a thermohygrometer (Universal
Enterprise Inc., Cambiago, Italy). Hydration was followed
by a discontinuous procedure, i.e. by taking and weighing
samples at regular intervals until reaching equilibrium
weight [11]. Weight was checked every 10 days for three
months. Assays were carried out in triplicate. Water uptake
was calculated as a percentage of the initial mass of ASN.
Sorption isotherms at 55% and 86% were established in the
same experimental conditions, by weighing the samples
twice daily. The powders recovered under hydration were
used for the compression and densification study. The cri-
teria for water uptake and water content were quite differ-
ent because the mass of dried sample was used as reference
in the first case, while the mass of humid product was used
in the second. Target values are indicated in Table 1.

Powder water content was checked by thermogravime-
try before compression (microbalance M3 and oven
TGS50, processor TC10, Mettler Toledo, France). Samples
(2-3 mg) were heated from 25 to 125 °C at a heating rate
of 10 °C/min under nitrogen atmosphere (10 ml/min) in
aluminium oxide pans. Measures were carried out in tripli-
cate. A blank assay was performed before each set of
analyses.

The crystalline structure obtained during the hydration
process was checked by powder X-ray diffractometry.
For this purpose, a Philips PW 1730 (Holland) was used
as X-ray generator for Cu Ko radiation (4 1.54178 A).
Experimental X-ray powder patterns were recorded on a
Philips PH 8203 apparatus, using a Philips PW 1373 goni-
ometer and a Philips PW 1390 channel control. Data were
collected in the step scan mode using a step size of 0.01° 20.
The scanned range was 2° to 40° (20).

Table 1
Target values of water uptake and water content
Formula Molecular Water Water
weight uptake (%) content (%)
C14H13O3Na 252 - -
C14H30;3Na-0.5H,0 261 3.57 3.45
C14H30;5Na-1.0H,0 270 7.14 6.66
C14H13O3Nd15H20 279 10.71 9.67
C4H305;Na-2H,0 288 14.28 12.50
Cy4H;50;Na-3H,0 306 21.43 17.64
C4H30;5;Na-4H,0 324 28.57 22.22
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Table 2

Algebraic expressions corresponding to the most common mechanism generally used to describe changes in solid-state

Model g(o) Mechanism (description of equation)

A2 [—In(1 - oc)]% One-dimensional growth of nuclei (Avrami-Erofeyev equation, n = 2)
A3 [—In(1 — az)]? Two-dimensional growth of nuclei (Avrami-Erofeyev equation, n = 3)
A4 [—In(1 —o)]? Three-dimensional growth of nuclei (Avrami-Erofeyev equation, n = 4)
R1 o . One-dimensional phase boundary reaction (zero-order mechanism)

R2 1-(1- oc)f Two-dimensional phase boundary reaction (contracting cylinder)

R3 1—(1—a)y Three-dimensional phase boundary reaction (contracting sphere)

D1 o? One-dimensional diffusion

D2 (1—o)In(l —a)+a Two-dimensional diffusion

D3 [1-(-a

D4 (1-32)(1 -2

Three-dimensional diffusion (Jander’s equation)

Three-dimensional diffusion (Ginstling—Brounshtein equation)

2.3. Study of hydration kinetics

An experimental procedure similar to that previously
described for the isothermal water sorption experiments
was carried out to study hydration kinetics. The ASN pow-
der was stored at two different RHs, 55% and 86%, at sev-
eral temperatures (15, 20, 25, 30, and 35 °C) and generated
in the appropriate saturated salt solutions. With the same
discontinuous procedure as previously described, changes
in weight were continuously and regularly checked until
equilibrium was reached. The 55% and 86% RH values
were used because they led, respectively, to the dihydrated
form (DSN) [2] and the tetrahydrated form (TSN) [3].

To describe the process of water addition into the crys-
tal, the following general equation was considered:

do
LKD) S (1)

where k(7)) is the rate constant at temperature 7 and o , the
fractional degree of reaction represents the fraction of
water added at time ¢, that is:

M
- 2
=i ey
where M is the mass of water in the sample at time ¢ and
M is the total mass of water in the sample at the end of
hydration. The relationship between o and time is embod-
ied in the function f{«), which in turn depends on the reac-
tion model followed by water addition. Integration of Eq.

(1) at constant temperature gives:
1 t
do
—:goc):/kT-dt:kT-t 3
@ ( i (T) (7) (3)
The rate constant k(7)) may be considered as follows, based
on Eyring’s dependence on 7:

kT AS* —AH* ()
=——exp|(—)ex
n P\ R )P\ TRr
where AS™ is the activation entropy, AH" is the activation
enthalpy, R is the gas constant, kg is the Boltzmann’s con-
stant, and £ is the Planck’s constant.

Both AS™ and AH" can be estimated from rate constant
values determined by isothermal measurements (at several

k(T)

temperatures), provided g(x) is known. Table 2 gives
selected expressions [12,13] for g(«) corresponding to the
most common solid-state processes. Plots were placed
according to kinetic equations shown in Table 2 and their
conformity assessed by the least-square method. The func-
tion that best fitted the hydration data was selected, and
the corresponding values of k were determined. By fitting
Eyring’s expression to these values the activation enthalpy
and entropy of the process could be determined.

2.4. Determination of particle shape and size

Particle shape and size were determined using a Scan-
ning Electron Microscope (SEM) (Stereoscan 360, Cam-
bridge Instruments, Cambridge, United Kingdom).
Samples were mounted on a metal stub with a double-sided
adhesive tape and then recovered under vacuum with a
gold layer of thickness of 200 A using a metallizer (Balzer
MED 010, Linchestein). Particle size was determined by
counting Ferret’s diameter of 500 particles under SEM.

2.5. Study of compression properties

Compression was carried out in an instrumented single
punch tablet machine (Frogerais OA, Vitry, France),
equipped with flat punches of 11.28 mm in diameter.

Two sets of tablets were prepared for each powder. The
powder mass was adapted so as to reach a maximal com-
pression pressure of 150 + 5 MPa (first set, to study table-
tability and compressibility) or a porosity value of
10 +0.1% (second set, to study compactibility) [14,15].
Results are the mean of five measurements. The die depth
was fixed at 10.00 mm and the upper punch displacement
for an empty die at 7.50 mm. External lubrication was
obtained by compressing microcrystalline cellulose along
with 1% W/W magnesium stearate. For each tablet, an
appropriate amount of powder was weighed and intro-
duced manually into the die. The machine was started
and measures were recorded at a frequency of 2000 Hz.
The length of pressure application on the powder (com-
pression and decompression) was about 150 ms. Once
recovered, mass, thickness and crushing strength of tablet
were measured, with scales (Precisa XT220 A), a microme-
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ter (Mitutoyo, Japan) and a strength tester (Tablet Tester
8 M, Schleuniger, Switzerland), respectively. Correction
of displacement transducer data for machine looseness
and punch deformation was carried out according to Juslin
and Paronen [16].

Pressure transmission through the powder bed in the die
was estimated by comparing maximal compression pres-
sures on the upper and lower punches. Transmission coef-
ficient corresponds to the ratio of lower punch and upper
punch values.

The densification behaviour of powders was studied
using Heckel’s equation [17]

In =KP+ A4

1-D ®)

where D is the relative density of the compressed powder
bed at applied pressure P. K is the slope of the straight lin-
ear portion of Heckel’s plot and the reciprocal of K is the
mean yield pressure (Py). The constant 4 is the sum of
two densification terms

1
A=In{— B
(=) *
According to Doelker [18], D}, corresponds to the relative
density of the powder at the moment when the last re-
corded applied pressure is still nil, and B’ is the densifica-

tion due to particle fragmentation. Constants 4 and B’
can be expressed as relative densities using

DA :1—€_A
D, =Dy — D,

(6)

(7)
(8)

Heckel’s profiles were established from single compression
cycles on tablets compressed approximately at 150 MPa.
Parameters Py, D4, D), and D, were calculated using a pre-
compression pressure value of 2.0 MPa. Several methods
have been described to select a linear region of the Heckel
function in order to determine Heckel constants. Following
Paronen and Ilkka [19], we selected a range of measure-
ment points where the linear regression coefficient was as
high as possible. This corresponded for both samples to
the 50-100 MPa range, with coefficient values superior to
0.998. Each value is a mean of five measurements.
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Total elastic recovery (ER) was calculated according to
Armstrong and Haines-Nutt [20]:
IER = [(QIJ} x 100 9)

1
where ¢ is the minimal thickness of the powder bed in the
die and 1, is tablet thickness.

Tablet porosity (&) was calculated from weight, volume
and apparent powder density. Minimal porosity (&min)
refers to powder porosity when maximal compression force
was applied during each compression cycle. It was deter-
mined from weight, die dimensions and apparent powder
density using a helium pychnometer (Accupic 1330,
Micromeritics, Norcross, USA), with a cell of 10 cm?’.
Results are the mean of 10 measurements. Densities of
ASN, DSN, and TSN were, respectively, 1.377 + 0.008,
1.343 4+ 0.006, and 1.337 + 0.005. The density of intermedi-
ate hydrates was calculated by averaging apparent powder
densities as a function of water content.

Crushing force was measured immediately after com-
pression with a tablet strength tester (Erweka, type
TBH30, Germany). Tensile strength Q [21] was calculated
according to

2H
nXdXt

0= (10)

3. Results
3.1. Isothermal water sorption experiments

Results of isothermal water sorption experiments on
ASN at 25°C are given in Fig. 2. For relative humidity
(RH) lower than 55%, water uptake was very low after
10 days of exposure. A weight increase corresponding to
two water molecules for one ASN molecule was noted.
This was followed by a rather short plateau, then a second
water uptake corresponding to two additional water mole-
cules at 76% RH, and finally by a plateau above 76% RH.
These results concord well with those of Di Martino et al.
[3]. The first plateau corresponds to the formation of dihy-
drated sodium naproxen (DSN), while the second one cor-

04
25
20 | 1
15

10 4

—— 55%RH
—8— B36%RH

Time (days)

Fig. 2. Sodium naproxen water uptake expressed versus relative humidity % (A) and versus time (B).
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responds to that of tetrahydrated sodium naproxen (TSN).
It should be noted that the curve obtained after 90 days at
different RH% is identical, with the exception of the dot at
43%, where water uptake considerably increased with time
due to the slow formation of the dihydrated form at this
RH% value. This phenomenon was previously described
by Kontny and Zografi [11] for other hydrated systems.
The kinetics of water uptake at 25 °C at RHs of 55% and
86% are given in Fig. 2b. At 55%, DSN formation required
a latency period of some days. At 86%, TSN formation
started immediately and was more rapid. These curves were
used to prepare the samples for tableting experiments.
Powders under hydration were checked by XRPD. These
analyses showed that, at an RH of 55%, when water uptake
was not still complete, powders were composed of a mix-
ture of ASN and DSN, without any intermediate crystal-
line form, such as, for example, monohydrate sodium
naproxen (MSN). This result is clearly shown in Fig. 3a,
where XRPD patterns of sodium naproxen exposed to
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Fig. 3. XRPD patterns of powders under hydration. (a) ASN starting
material (A), after 6 days of exposure to 55% RH (50% hydration) (B),
and completely hydrated DSN powder (C). (b) ASN starting material (A),
after 2 days of exposure to 86% RH (50% hydration) (B), and completely
hydrated TSN powder (C).

55% RH are presented when hydration was at 50%, as well
as those of ASN, the starting material, and DSN, the com-
pletely hydrated form. The intermediate form is clearly
composed of a mixture of the two pure forms (ASN and
DSN), and no peaks of any other forms, such as MSN,
were visible. Peak intensities are proportional to water
sorption and results concord with the previously published
data [3], showing that typical ASN peaks progressively
decrease as DSN peaks appear, without any other different
forms. Similarly, at an RH of 86%, when water uptake was
not still complete, powders were composed of a mixture of
ASN and TSN, without any intermediate crystalline form
such as, for example, MSN or DSN, as can be seen in
Fig. 3b. These results concord with those of Di Martino
et al. [3].

Fig. 4 shows the particle morphology of ASN, the start-
ing material, and of the completely hydrated and now pure
forms, DSN and TSN. This evaluation, together with par-
ticle size, is important particularly afterwards, when inter-
preting compression and densification behaviour. Particles
are irregular with smoothed edges; there are no obvious
differences between the three products and hydration does
not seem to affect particle morphology.

Particle sizes and distributions are given in Fig. 5. No
differences occurred as a consequence of hydration, and
slight variations among the three products are not statisti-
cally relevant.

3.2. Study of hydration kinetics

Table 3 and Fig. 6 give the results of ASN hydration at
two different relative levels of humidity and at different
temperatures. At 55% RH, reaction was in three stages
(Fig. 6a). The induction period of nucleation, which is
the initial reaction step, was rather long in time, but insig-
nificant in weight increase. During the subsequent stage at
the interface, i.e. the acceleratory period, weight increased
with time, and this was followed by a decay period. The
experimental M versus ¢ curves had a sigmoid shape. Val-
ues suggest that hydration proceeded according to the
model reported in Table 3. In the present case, such curves
could only fit one of the models reported in Table 2, and so
fitting was performed separately for the induction period
and for the acceleratory-decay period. The first hydration
period involved a D1 model, i.e. one-dimensional diffusion.
When a gas molecule is fixed to a solid substratum, the AS™
should be negative, because the gas molecule loses degrees
of translation freedom. However, a positive and non-negli-
gible AS™ was obtained during the induction period, mean-
ing that the freedom degrees of the activated state
compensated for the loss of freedom degrees by water.
Enthalpy value (AH") was high, suggesting that introduc-
tion of the water molecule greatly modified the rigid struc-
ture of the crystal. Eyring’s parameters suggest that the
entry of the water molecule alters the crystalline form
towards a more expanded structure, in which the hydrated
solid has more freedom degrees than the anhydrous one.
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Fig. 4. SEM microphotographs of ASN (a), completely hydrated DSN
after exposure to 55% RH (b), and completely hydrated TSN after
exposure to 86% RH (c).

The second stage of the hydration reaction is best
described by an A2 model (Avrami-Erofeyev equation,
n = 2), which indicates that reaction is controlled by one-
dimensional growth of nuclei. AS* (=332.7J K ! mol™!)
was now negative and reflected the expected entropy loss
of water molecules entering the solid. On the other hand,
the enthalpy change (AH* = 5.0 kJ mol ") was much lower
than during the induction period, suggesting that there was
little enthalpic hindrance to the growth of the new phase.

777 ASN
I DSN
TSN

Weight (%)

45 55 65 75 85 95
Granulometric class (um)

Fig. 5. Particle size and distribution of sodium naproxen particles. ASN,
anhydrous sodium naproxen; DSN, dihydrated sodium naproxen; TSN,
tetrahydrated sodium naproxen.

To sum up, the hydration process for ASN exposed to
55% RH occurred in two steps: firstly, water molecules dif-
fused inside the crystal, accessing through hydrophilic sites
present in the crystal (first step corresponding to the D1
model) and then water reacted with surrounding SN mole-
cules to create new bonds and rearrange molecules (second
step corresponding to the A2 model ).

A rather different reaction model is involved when the
solid is exposed to 86% RH (Table 3 and Fig. 6b). In this
case the induction period, if any, was no more than a few
hours, i.e. shorter than the time interval chosen for the
experimental design. Two different reaction models gave
a very good fit for g(«) versus #: (a) the one-dimensional
growth of nuclei (Avrami-Erofeyev equation, n = 2), i.e.
the same involved in the second stage of hydration at
55% RH and (b) the two-dimensional phase boundary
reaction (contracting cylinder, R2 model). The AS™ values
for the two models, both negative and quite similar to each
other, were similar to that found for the second hydration
stage at 55% RH. Also the AH" values were quite similar to
each other (respectively, 24.1 or 22.0 kJ mol~"), but higher
than the value found for the second hydration stage at 55%
RH. Then at 86% RH, when four water molecules rather
than two entered the lattice, hydration was accompanied
by a greater enthalpy change, probably due to more nota-
ble crystallographic changes.

To sum up, and by analogy with hydration results at
55% RH, the R2 model (two-dimensional phase boundary
reaction) seems the most probable mechanism, because
again it implies water diffusion through pre-existing hydro-
philic channels, then the association of water with polar
groups capable of forming hydrogen bonds with water.

3.3. Compression behaviour

Before compression all the hydrated powders were ana-
lysed by TGA to verify whether hydration occurred as
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Table 3
Eyring’s parameters for hydration process
Hydration condition Model T (°C) K™Y r Eyring plot
AH" (kJ mol™) AS" (JK 'mol™) r
55% RH first step Dl 15 7.590 x 107° 0.942 122.4 +30.8 0.910
20 9.780 x 1078 0.947
25 9.722 x 1078 0.898
30 1.886 x 1077 0.970
35 3.670 x 1077 0.950
55% RH second step A2 15 3.05x 1076 0.978 5.0 —332.6 0.999
20 3.12x 1076 0.984
25 321 x 1076 0.965
30 337 x 1076 0.974
35 3.65x 1076 0.992
86% RH A2 15 2.88 x 1076 0.996 24.1 —266.5 0.992
20 3.69 x 1076 0.998
25 4.51 x 1076 0.996
30 5.06 x 1076 0.994
35 6.06 x 1076 0.989
86% RH R2 15 1.39 x 1076 0.997 22.0 —280.2 0.997
20 1.69 x 1076 0.995
25 2.02x 1076 0.996
30 227 x 1076 0.988
35 2.75%x 1076 0.985
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Fig. 6. Sodium naproxen hydration rate at different experimental temperatures. (a) NS exposed to 55% RH; (b) NS exposed to 86% RH.

expected. It should be noted that in the case of sodium
naproxen TGA does not make it possible to distinguish
between bound and absorbed water. This fact has also been
previously highlighted by Kim [6] and Di Martino et al. [2]
and is due to the fact that the loss of bound water starts at
quite low temperatures close to those favouring the loss of
absorbed water.

All the tested products showed very favourable behav-
iour under compression and no capping, sticking or seizing
problems arose during this study.

Results are given in Fig. 7a (tabletability), b (compress-
ibility), and c (compactibility). In these figures, the unit
used to represent the amount of water is the mean stoichi-
ometric coefficient (MSC), that is, the number of water
molecules per molecule of SN. It is of paramount impor-

tance to keep in mind that this number is a mean number,
because hydrates in formation are the mixtures of anhy-
drous and hydrated forms, and not intermediate hydrates.

The tabletability of ASN was relatively good. The ten-
sile strength after compression at 150 MPa was
1.25 MPa. The values for the hydrated forms were higher:
2.59 MPa for DSN and 3.30 MPa for TSN. Tensile
strength of hydrates in formation was proportional to
MSC (Fig. 7a). At 55%, the progressive formation of
DSN corresponded to a progressive increase in tablet resis-
tance, indicating a very significant correlation between
tabletability and water content. At 86%, the progressive
formation of TSN yielded a bell trend, with a maximal ten-
sile strength of 3.95 MPa for an MSC of 3. Beyond this
point, the increase in water content corresponded to a
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Fig. 7. Tabletability (a), compressibility (b), and compactibility (c) of SN
hydrated forms. Each point is the mean of five independent determinations
and is given with the 95% confidence interval. Solid symbols correspond to
hydrates in formation at 55% (blue) and 86% (red). The open symbols
correspond to the physical mixtures of ASN and DSN (blue) and ASN and
TSN (red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this paper.)

decrease in tensile strength. The compression behaviour of
hydrated samples was compared to that of physical mix-

tures (PM) prepared by gently mixing different proportions
of pure ASN and DSN or pure ASN and TSN in a mortar.
Compression of physical mixtures of ASN and DSN
(ASN:DSN of 75:25 or 50:50), or ASN and TSN
(ASN:TSN 12.5:87.5 and 75:25), corresponding to MSCs
of 0.5 and 1, was then carried out. For the same water
amount, the tabletability of physical mixtures was lower
than that of hydrates in formation. It is clear that the
way in which water is distributed among the particles is
fundamental. In the case of physical mixtures, water is
present in one portion of particles, while the other portion
is anhydrous. However, in hydrates in formation, the water
involved in hydration may be assembled in the periphery of
particles, while the centre remains dry. This phenomenon is
compatible with the typical structure of ‘ channel
hydrates” [22]. Kim [4] observed a similar situation under
optical microscopy, but the other way round, during the
dehydration of MSN to ASN: there was initial dehydration
at the periphery of the particles followed by progression of
the phenomenon to the centre of the crystal parallel to the
channels.

To have a better understanding of the profiles of table-
tability, other representations are required. Tablets can be
considered as the dispersion of particles in the air. Their
cohesion comes from the intermolecular strength among
particles that can act only when distances are very small
[23]. Any variation in tablet cohesion can thus theoretically
be caused either by a modification of interparticle distances
or by an alteration in the intensity and/or the number of
bonds. These phenomena can be explained by interpreting
the compressibility and compactibility results.

Water greatly modifies the compressibility of SN. After
compression at 150 MPa, tablet porosity changes from
12.1% for ASN to 7.2% for DSN and 2.4% for TSN. The
compressibility of hydrates in formation is presented in
Fig. 7b. The porosity of tablets produced at 150 MPa pro-
gressively decreases as a function of water content. This
porosity reduction is comparable, whatever the water
uptake, at 55% or 86%. Pearson’s test carried out on the
data shows that a very good correlation exists between tab-
let porosity and MSC (r = —0.97, p <0.0001). Compress-
ibility data of physical mixtures are not presented in the
same figure, because it is exactly superposed over that of
hydrates in formation. These results show that SN particles
are closer together in water for the same compression pres-
sure. The tabletability of SN is therefore increased by the
presence of water. However, such evidence is inadequate
to explain the differences observed between DSN and
TSN, between hydrates in formation and those between
physical mixtures and the bell profile of the tabletability
of TSN. This is the reason why it is also essential to con-
sider compactibility, which makes an assessment of the
strength of interparticle bonds possible. The basic concept
for a compactibility study is to make and compare the
mechanical resistance of tablets of the same porosity for
any substance under study. As proximity between particles
is the same, the differences observed can be attributed to
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the number and/or intensity of interparticle bonds. For this
study therefore, new tablets must be produced and porosity
fixed at 10%, a value at which it is possible to recover tab-
lets for any powder under study. The tensile strengths are
1.45, 1.83, and 1.77 MPa, respectively, for ASN, DSN,
and TSN at 10% porosity. As these values are quite close,
they are not very informative and so the complete profiles
of hydrates in formation and of physical mixtures are given
in Fig. 7c. It can be observed that for the very first water
content tested (MSC 0.5), the compactibility of DSN and
TSN in formation abruptly increased to reach the values
of 2.18 and 2.57 MPa, respectively. These values changed
little as water content increased, giving the profile of com-
pactibility as a plateau. The last value on each curve (cor-
responding to DSN and TSN completely formed) was
significantly lower, and more pronounced for TSN. In
addition, the evolution of compactibility for physical mix-
tures was completely different and remained intermediate
between the values measured for ASN and complete
hydrates. All this information is compatible with a hydra-
tion model in which water enters into the anhydrous parti-
cles through pre-existing channels and thus remains
confined at the periphery of the crystals, causing an abrupt
modification to particle surface and thus to interparticle
bonds. The higher compactibility of TSN in formation
compared to DSN may account for its better tabletability.
It must be considered that the tetrahydrated form can
already be formed at lower RH% (up to 64%) as proven
by water sorption isotherms. Exposure to higher humidity
levels (as in the case of 86% RH) can imply that a part of
the water is involved in the hydration of the crystal (to
form the tetrahydrated structure) and excess water is
absorbed inside the tunnels and on the crystal surface.
Consequently, it is possible to assume that at the end of
hydration, when the crystalline structure is “‘saturated”,
the available water is adsorbed on the surface of the parti-
cles, covering them with a thin film that reduces the possi-
bility of interparticle bonds. However, as it is impossible to
quantify exactly the water absorbed by TGA, as previously
explained, this can only be a supposition. Water distribu-
tion in physical mixtures is completely different, yielding
samples of lower compactibility than that of hydrated
forms and practically uninfluenced by mixture
composition.

3.4. Densification mechanism

The study of the compression behaviour of SN showed
that hydration water significantly increased compressibil-
ity. The objective of the densification study is to obtain
information about the mechanisms related to compressibil-
ity changes.

The first step in the study was to identify in which phase
(compression or decompression) the compressibility modi-
fications due to hydration take place. Fig. 8 shows the
effect of hydration on the minimal porosity of tablets in
formation, at the end of compression phase (Fig. 8a),

0
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N
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Fig. 8. Minimal porosity (a) and elastic recovery (b) expressed versus
MSC. Each point is the mean of five independent determinations and is
given with the 95% confidence interval. Solid symbols correspond to
hydrates in formation at 55% (blue) and 86% (red). The open symbols
correspond to the physical mixtures of ASN and DSN (blue) and ASN
and TSN (red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this paper.)

and on the elastic recovery of tablets during decompres-
sion. Results are given in Table 4. These results clearly
show that two different mechanisms contribute to the
increase in compressibility. When hydration starts, mini-
mal porosity changes little, while elastic recovery decreases.
Afterwards, minimal porosity decreases while elastic recov-
ery levels off at a low value. The limit between these two
phases is located at a stoichiometric coefficient of 1.5. It
is visible in Fig. 8b which presents the whole evolution of
compressibility. Results corresponding to the same MSC
are similar, whether water uptake is at 55% or 86%.

The second step in the densification study focuses on the
way the particle is deformed during the compression phase.
This is done by analysing the parameters of Heckel’s equa-
tion (Table 4). These values show that ASN particles frag-
ment during compression (high D, and Py) and that they
change progressively during hydration, indicating a modifi-
cation in the densification mechanism, from fragmentation
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Table 4

Compressibility values and Heckel’s parameters, expressed with their 95% confidence intervals, of tablets produced at 150 MPa

HR (%) CSM ¢ (%) Emin(%) RE (%) P, (MPa) D), A

55 0 12.1+0.3 74+0.3 5.30+0.19 125.1+£0.9 0.583 £ 0.002 0.186 + 0.002
0.5 109+0.3 72+0.3 4.12£0.17 113.4+£0.9 0.552 £ 0.003 0.179 £ 0.002
1 94+0.2 6.3+0.2 3.44 +0.06 104.0 + 1.0 0.576 4+ 0.001 0.152 £+ 0.001
1.5 8.5+0.2 5.7+0.3 3.124+0.08 97.8+0.1 0.584 £ 0.006 0.136 + 0.006
2 72403 5.0+0.1 2.39 £0.05 929+1.0 0.605 £ 0.002 0.120 £ 0.001

86 0 12.1+£0.3 74+£0.3 5.30+£0.19 125.1+£0.9 0.583 £ 0.002 0.186 + 0.002
0.5 10.5+0.2 6.9 +0.1 4.02+0.20 110.1 £0.6 0.566 + 0.002 0.161 +0.001
1 9.5+0.2 6.5+0.2 3.34 +£0.09 106.6 £ 1.6 0.572 £ 0.002 0.149 +0.003
1.5 8.7+£0.3 5.7£04 3.00 +£0.10 99.4+22 0.582 4+ 0.004 0.137 £+ 0.004
2 6.6+0.3 44402 2.35+0.10 87.3+23 0.585 £ 0.003 0.132 +0.005
3 3.8+0.2 1.9+0.1 1.98 £ 0.15 61.4+28 0.609 + 0.003 0.131 £ 0.007
4 24+0.2 0.7+0.2 1.80 +0.28 47.6 £2.0 0.642 £ 0.003 0.162 + 0.006

Each value is the mean of five independent determinations.

MSC, MSC; ¢, tablet porosity; &mi,, minimal porosity; Py, mean yield pressure.

to plastic deformation (lower Py). With TSN the peculiar-
ity is the association of a high D), value to a low Py, corre-
sponding to the high compressibility of this product.
Results registered during this second part of the work are
similar for the common stoichiometric coefficients, inde-
pendently of the RH% used for water uptake (55% or
86%).

Results of the densification study are confirmed by
examining the general profiles of Heckel’s cycles. The
cycles obtained for tablets produced at the same final
porosity of 10% are given in Fig. 9. For low water content,
the decrease in the initial curve is clearly evident, and cor-
responds to the change from volume reduction by fragmen-
tation to plastic deformation. The decrease in elastic
recovery is also clearly evident, as can be noted by the
decompression phase which becomes more horizontal.
For the highest water content, the increased slope in the
climbing part of the cycle can be observed with maximal
pressure, which becomes weaker and weaker to obtain tab-
lets of 10% porosity.
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Modification in the densification mode is at the origin of
the tabletability and compactibility improvement to be seen
at the very start of hydration. Indeed, as explained above,
the water captured at the initial phase of hydration may be
concentrated in the periphery of the crystal. This external
zone can become highly deformable, increasing the inter-
particle contact surface. This hypothesis is compatible with
the fact that TSN, which is more plastic than DSN, also
displays greater compactibility.

4. Discussion

4.1. Relationship between hydration and the mechanical
properties of SN

The crystallographic structure of naproxen acid has
been described as monoclinic [24,25] and the presence of
the Na atom in the salified form does not modify this
[26]. The Na atom participates in an “O"""Na” type interac-
tion, where Na is simultaneously linked to four oxygen

b HECKEL'S CYCLE
(Tablet porosity 10%, RH= 86%)

-In porosity

05 T T T T
0 50 100 150 200

Compression pressure (MPa)

Fig. 9. Heckel’s cycles for tablets of 10% porosity. Tablets are produced from SN under hydration at 55 (a) and 86% (b) RH. Each curve corresponds to

whole values recorded while producing one tablet.
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atoms forming a tetramer that stabilises the structure [26].
Di Martino et al. [2,3] have classified the hydrated forms of
SN as “channel hydrates” according to Morris [22]. During
the hydration process, water molecule access into the crys-
tal is limited by the presence of some hydrophobic sites,
mainly formed by the 7 cloud of the naphthalene rings.
Water molecules can thus move preferentially from the
periphery of the crystals along hydrophilic tunnels existing
in the crystal structure and corresponding to the propio-
nate side chain. Water molecules can then be easily accom-
modated between the SN molecules by forming hydrogen
bonds with both Na and/or O atoms. The dimensions of
the tunnel can be dependent on the number of water mol-
ecules placed in the tunnel (two for the dihydrated and four
for the tetrahydrated). The conformational changes associ-
ated with hydration promote crystallographic modifica-
tions. Consistently with this, hydrated forms of sodium
naproxen can be considered as ‘“‘expanded channel
hydrates” [22]. In this hydrated form, the water molecules
converge on channels in the crystal structure, causing the
distance between some crystalline planes to be increased
proportionally to the amount of water. In this kind of
structure, the water molecules are mainly bound together
by hydrogen bonds and interact little with the host mole-
cule. Thus, water molecules can easily move into the chan-
nel, bringing about easy and progressive hydration or
dehydration of the crystals. This can explain the progres-
sive increase in plastic deformation of hydrated forms
which is proportional to the increase in water inside the
crystal, as well as the modification in the densification
mechanism from fragmenting to plastic deformation. This
also accounts for the differences between the dihydrated
and tetrahydrated forms. The intermolecular spaces occu-
pied by water molecules behave like “sliding planes” for
plastic deformation. In a previous study, Sun and Grant
[15] explained the greater tableting propensity of the mon-
ohydrated form of p-hydroxybenzoic acid in its anhydrous
form through the combination of a larger interparticle
bonding area, thanks to the presence of water, and higher
bonding strength. In fact, in the monohydrated form, the
water molecules fill the spaces between the layers and facil-
itate the plastic deformation of the crystals by maintaining
a larger separation between the zigzag-shaped planes.

5. Conclusion

This study clearly shows that hydration considerably
changes the compression behaviour of SN. The insertion
of the water molecule into the crystal modifies the tableta-
bility, compressibility and compactibility of SN. However,
the effect is not always proportional to water content. The
complex evolution of tabletability, which is the main prop-
erty for the industrial production of tablets, can be
explained by considering the evolution of both compress-
ibility and compactibility. It has been supposed that the
water penetrating into the crystal is localised in the periph-
ery. The kinetic study explaining how water enters into the

crystal offers a better understanding of why the hydrated
forms of SN show better tabletability than the anhydrous
one.

The results of this work are relevant to industrial prac-
tice as they can orient choice towards the most appropriate
form of sodium naproxen as a raw material for industrial
tablet production and support the preparation of tablets
by direct compression at lower costs and with improve-
ments in biopharmaceutical properties.
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