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Abstract

A thorough review of the relevant literature reveals that the interaction between water vapour and magnesium stearate, in
contrast to many other metal soaps, is not properly understood. The structural modifications associated with the up-take or loss
of water of vegetable-derived commercial magnesium stearate powders exposed to humid air or vacuum at room temperature are
investigated using standard powder X-ray diffractometry. It is found that in such conditions magnesium stearate reacts reversibly
with the vapour phase with structural consequences very similar to the high temperature transition between the crystalline
and rotator phases of other anhydrous metal soaps. When temperature is increased under dry nitrogen the diffraction band
characteristic of the rotator phase shifts towards higher angle values an the corresponding lattice spacing increases at the rate of
6.9 × 10−4 C−1. Melting takes place gradually above 100◦C as revealed by the collapse of the diffraction band and the growth
of the broader diffusion band characteristic of the liquid state. Full clarification of the structure of the hydrated and dried phases
proves impossible based on powder diffraction spectra obtained with conventional high resolution X-ray diffraction equipment.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium stearate is in widespread use as gelling,
sanding and anti-sticking agents, stabiliser, lubricant,
emulsifier and plasticiser for polymers, in the paint,
food, rubber, paper and pharmaceutical industries.
Its production by some 195 companies throughout
the world is essentially based either on the reaction
of stearic acid with a magnesium compound such
as carbonate, oxide. . . or on the reaction of mag-
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nesium chloride with sodium or ammonium stearate
in aqueous solution leading to the precipitation of
the dihydrate C36H70MgO4·2H2O. In the field of
drug manufacturing, where it is mainly used as a
solid lubricant, its lubricating capacity and over-
all activity in the various pharmaceutical forms in
which it is incorporated may vary from one pro-
ducer to another (Barra and Somma, 1996; Brittain,
1989) and even sometimes from one batch to an-
other of the same origin. The drying process of the
precipitated dihydrate phase is regarded as a poten-
tial source of such differences (Müller, 1977a) for
the thermal stability of the various structures of con-
cern is quite limited. This last point is revisited and
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clarified by the results presented in the following
sections.

It must be emphasised that commercial magnesium
stearate is not certified as a high purity single phase
material of the kind used in fundamental investiga-
tions. As an example, the European pharmacopoeia
(European Pharmacopeia, 2002) specifies that “Mag-
nesium stearate is a mixture of magnesium salts of
different fatty acids, mainly stearic and palmitic,
and of others in lower proportions. The magnesium
weight fraction in the dried substance, is 4% at the
least and 5% at the most. The fraction of fatty acid
contains at least 40% of stearic acid, and 90% of
stearic and palmitic acids altogether”. Indeed, this
should be regarded asminimal requirements.

It is somewhat surprising that the crystalline struc-
ture of that particular material and its modification by
interaction with water vapour are not well established
as they are for some other metal-soaps. The very rea-
son for this is that single crystals of sufficient quality
of either the hydrate or anhydrate phases could never
been produced so that all published data relating to
the structure of magnesium stearate, including the
present work, are derived from powder diffraction
spectra. And the latter prove particularly inadequate
for structure determination due to the overlapping
of [0 0 l] reflections from the two crystallised struc-
tures and the difficulty of preparing single phase
samples. In relation, it may be mentioned here that
Vand failed to index the powder diffraction pattern
he reported for magnesium stearate (ASTM, 1965)
whereas he succeeded with many other metal soaps
by using the graphical methods known by his name
(Vand, 1948a,b).

Indeed, it has been recognised for a long time that
magnesium stearate can exist at room temperature as
distinct phases differing by their water content and
by the length of a so-called long interplanar spac-
ing (Vold and Hattiangdi, 1949). Even though the
respective structures have not been fully established
in terms of a unit cell and lattice parameter values,
their general characteristics as described byMüller
(1977b,c)and bySharpe et al. (1997), for instance,
are accepted because they fit in the general descrip-
tion of established structures of other metal-soaps and
lipids (Small, 1986). The X-ray powder diffraction
spectra corresponding to the di- and trihydrates and
to a so-called anhydrous form have been reported by

various authors. Though, from one report to another,
they may differ from two standpoints:

(1) The precise angular position of the low angle re-
flections, recognised as harmonics of the [0 0 1]
reflection (which is usually not observed).

(2) The number and intensity of reflections corre-
sponding to smaller “side spacing” (Vold and
Hattiangdi, 1949; Müller et al., 1982; Brittain,
1989; Leinonen et al., 1992; Sharpe et al., 1997).
One striking example among many of such dis-
crepancies may be found when comparing the
spectra of the (allegedly) pure dihydrate phase
published byRajala and Laine (1995)on the one
hand, andSharpe et al. (1997)on the other. They
differ by the positions and relatives intensity of
most reflections (numerical values can be found
in table of appendix) and thed0 0 1 spacing values
inferred from these differ by as much as 8%.

In fact, agreement between the various tentative
interpretations of the reported diffraction spectra by
their respective authors essentially reduces to the
recognition of the low angle reflections as successive
harmonics of the long interplanar spacingd0 0 1. Müller
(1977a)tried to infer the unit cell symmetry and lattice
parameter values by computerised refining methods.
He could only propose two possible and equally prob-
able structures, monoclinic and orthorhombic, for the
same hydrate phase. He also observed variations of the
structural data with particle shape and water content.
Numerical values of the lattice parameters are given
for the monoclinic solutions only. For needle-shaped
particles with composition close to that of the tri-
hydrate,a = 7.0 Å, b = 7.4 Å, c = 53.9 Å and
β = 118.7◦. For lamellas with water content between
1 or 2 H2O per mole stearate,a = 5.9 Å, b = 7.9 Å,
c = 53.2 Å andβ = 97.9◦. In contrast,Marwaha and
Rubinstein (1988)described a triclinic unit cell with
totally different parameter values as representative of
the structure of a mixed 15–85% stearate-palmitate
of magnesium. However, all these authors failed to
present any direct evidences, such as indexed diffrac-
tion spectra (in the small side-spacings range).

High temperatureanhydrousphases of magnesium
stearate have been described bySpegt and Skoulios
(1962). It is important to mention that these authors
investigated a commercial material that they thor-
oughly washed in boiling alcohol, then in ether, and
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finally dried at 110◦C in vacuum. Three structures
were identified. Up to 110◦C, a crystalline phase
(noted A) is characterised by a layered structure with
an interlayer spacing equal to 47.5 Å. No additional
description or interpretation is given except that it is
similar to the more documented structure of the ho-
mologous A phase of Ca-stearate (Spegt and Skoulios,
1960). The latter is specifically characterised byfine
diffraction bands in the interval of shortd-spacing
values 3–5 Å. The structure of phase B of the Ca-soap
(Spegt and Skoulios, 1964) is still layered (harmon-
ics 1, 2 and 3 are detected), but thefine diffraction
band in the diffraction spectrum of phase A is now
replaced by adiffuseband centred at 4.18 Å, typical
of liquid paraffin. Notice here that phase B inSpegt
and Skoulios (1960)is labelled phase C inSpegt and
Skoulios (1964). These properties of the Ca-stearate
phases A and B just mentioned appear of great rel-
evance here because they mimic closely the changes
we observe with magnesium stearate when its water
content is varied at room temperature (Section 2).

The B phase of the magnesium soap (Spegt and
Skoulios, 1962) is hexagonal and the diffuse band
is centred at 4.5 Å. A single difference can be no-
ticed between the hexagonal structures of magnesium
stearate and calcium stearate (C inSpegt and Skoulios,
1964): in the former, the longd-spacing value in-
creases slightly with increasing temperature, whereas
it decreases in the latter. The B phase of magnesium
stearate is stable up to 190◦C.

More recently,Lelann and Bérar (1993)indexed
the high resolution diffraction spectrum of calcium
stearatemono-hydrateobtained by using a syn-
chrotron X-ray source. Their results strongly suggest
that the less resolved spectra obtained using conven-
tional X-ray sources may lead to erroneous conclu-
sions when they are used to infer crystal structures by
lattice parameter refinement techniques.

Finally, as regard the structure of the room temper-
ature forms of magnesium stearate, what is presently
agreed upon is rather scarce: one parameter (notedc
in the following) of the unit cell is much larger than
the two others and the length of the longd0 0 1 spac-
ing varies with water content in a way suggesting that
the water molecules intercalate between the layers.
The angle of inclination of the stearic chains over
the interlayer planes containing the Mg ions and the
carboxylic polar heads could, in principle, be inferred

Table 1
Difference between long spacings values�d0 0 1 and corresponding
inclination angle computed from the data inSharpe et al. (1997)
for the different phases of magnesium stearate and magnesium
palmitate

Phase �d0 0 1 (Å) Inclination angle (◦)

Anhydrates 4.1 54
Dihydrates 0.5 6
Trihydrates 2.0 23

from the comparison of the length of the molecule
and of the long spacing. For instance, inanhydrous
Ca and Sr soaps, the long spacing increases propor-
tionally with the length of the aliphatic chains (with
carbon atom number ranging from 12 to 20 chains)
and the later are perpendicular to the [0 0 1] planes
(Spegt and Skoulios, 1964). However, the situation
with magnesium soaps is not that clear, as can be seen
by comparing the data collected inTable 1. The dif-
ference between the length of the long spacingd0 0 1
reported bySharpe et al. (1997)for the trihydrates,
dihydrates and anhydrates of pure magnesium stearate
and pure magnesium palmitate, respectively, is not a
constant. The inclination angle value that can be com-
puted from it (the difference in length of stearic and
palmitic chains being taken to be 2.54 Å) is also, in the
case of the hydrates at least, physically inconsistent.

2. Materials and techniques

Of the various commercial products previously in-
vestigated by the authors (Andrès et al., 2001) only
those derived from vegetable raw products are con-
sidered here. They are hereinafter referred to as VF
and VG where letters F and G come from their re-
spective producer’s names FACI and GREVEN, and
V is a reminder of their vegetable origin. Analysis of
the carboxylic chains has been performed by HPLC
after conversion of the salt into free acids following
the method recommended by the European pharma-
copoeia and the results are expressed in weight of car-
boxylic acids. The combined palmitic and stearic acids
content of both VF and VG amounts to 96.2±0.1 wt.%
of all carboxylic acids formed, but the relative pro-
portions differ, with 84 wt.% stearic acid in VF and
81.0 wt.% in VG. These figures correspond roughly to
one palmitic chain for every six and five stearic chains
in VF and VG, respectively.
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Both VF and VG are analysed by X-ray diffractom-
etry in their “as received” state and also after modifi-
cation in the following conditions:

(a) degassing under high vacuum at either room tem-
perature (RT in the following), here 25 (±2)◦C,
or 50◦C during several days as required for the
pressure in the degassing chamber to return to its
base value;

(b) ageing in an incubator at 25 (±0.1)◦C in an atmo-
sphere with 85 (±1)% RH, during periods of time
ranging from 1 to 4 months. According toSharpe
et al. (1997), these later conditions should ensure
the crystallisation of magnesium stearate trihy-
drate starting from the so-called anhydrate phase.
However, it was observed that the crystallinity
and water content of the samples aged under these
conditions were not homogeneous, i.e. the produc-
tion of single phase hydrates proved impossible in
that way. Subsidiarily, this also made it impossible
to infer from the following analyses any mean-
ingful data about the kinetics of the hydration
process.

All as received and modified materials are known
to differ by their water content (Andrès et al., 2001).
In different batches of the as received materials, the
mean overall water content expressed in mole of water
per mole of magnesium stearate and measured by the
Karl Fisher technique (KF in the following) is found
to be 1.80 (±0.13) in VF and 2.33 (±0.14) in VG.
In a modified VF batch aged 2 months in the stan-
dardised conditions just mentioned, the stoichiometric
ratio equals 2.29, corresponding to an uptake of 0.59
H2O per magnesium stearate molecule. An important
remark here is that the water content measured by the
KF method systematically exceeds by about 0.5 H2O
per mole the result obtained by the infrared balance
method following the standardised analysis conditions
prescribed by the European pharmacopoeia (heating
at 100◦C until constant weight). In the present case,
heating up to 150◦C proved necessary to get agree-
ment with the KF method.

The X-ray diffractograms were obtained by means
of a 4096-channel position sensitive detector (CPS-
120 from INEL) and Ni-filtered Cu K� radiation.
The acquisition window was 0.3–116◦ (2θ) and the
resolution 0.029◦ (2θ) per channel. A numerical
peak fitting procedure allowed doublet separation

and evaluation of integral intensities with excellent
accuracy.

X-ray diffractometry experiments at temperatures
above RT have also been performed under dry ni-
trogen or helium atmosphere. For that purpose, the
X-ray source and the position sensitive detector were
mounted around a furnace equipped with beryl-
lium foil windows and a sample holder designed to
minimise the effect of its thermal expansion. Mono-
chromated beams from either a cobalt or a copper
anticathode were used.

3. Results

3.1. Room temperature X-ray powder diffractometry

The diffractograms of as received VF and VG in
Fig. 1reveal clear differences in the crystallisation and
hydration states of both materials, as substantiated by
the following considerations.

(a) The diffractogram of as received VF is in all re-
spects similar to those reported in the literature
for several as received commercial materials gen-
erally referred to as “anhydrates”: spectra a and
b in Fig. 1 of Leinonen et al. (1992), spectrum
D in Fig. 3 of Müller et al. (1982)and spectrum
labelled “Italy” in Brittain (1989). According to
the different authors, it is typical of apoorly crys-
tallisedsolid, the meaning of what is rather vague
but will be clarified by the present work. The two
low angle reflections (at 5.45 and 9.05–9.10◦ 2θ)
can undoubtedly be identified with the [0 0 3] and
[0 0 5] harmonics. One intense and large (2◦ 2θ

FWHM) peak centred about 21.4◦ 2θ (referred to
as line II in the following) is not assigned in the
literature cited above. It looks very much like the
diffraction band characteristic of the so called�
or rotator form of many long chain fatty acids or
their soaps, such as for instance the hexagonal
phase of Ca-soaps as explained inSection 1.

(b) In contrast, the diffraction spectra of modified
VF, e.g. aged one month, and that of as received
VG exhibit fine diffraction lines. Among these,
the harmonics of the [0 0 1] reflection, particu-
larly those of 3rd and 5th order, are split into two
components. The values of thed0 0 1 spacing that
can be computed from the angular positions of
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Fig. 1. X-ray diffractograms of as received VF, as received VG and modified VF (aged 1 month). X-ray beam wavelength: 1.5406 Å.

the componentsare in excellent agreement with
those reported bySharpe et al. (1997)(Table 2)
for what these authors claim to be pure dihydrate
and trihydrate phases, respectively. Accordingly,
our materials would consist in mixtures of both
phases. At higher diffraction angles, our diffrac-
tograms inFig. 1 are comparatively much more
structured. Very unfortunately, the corresponding
section of the diffractogram of the pure dihydrates

Table 2
d0 0 1-Spacing value (in Å) as computed from the angular position of the successive harmonics of [0 0 1] diffraction peak (not observed)

Phase Present work Sharpe et al. (1997) Vold and Hattiangdi
(1949)

Ertel and Cartensen
(1988)

Anhydrate A: 47.36 (±0.06) [3, 4, 5, 6, 7] 48.81 (±0.25) [2, 3, 5] 47.00 (±0.24) (dried) 50.32 (±0.05)
B: 48.34 (±0.13) [3, 5]
C: 48.72 (±0.7) [3, 5]

Dihydrate D: 48.11 (±0.07) [3, 4, 5] 48.11 (±0.20) [2, 3, 5] 52.20 (±0.03)
E: 48.25 (±0.13) [3, 4, 5] 49.3 (±0.15) (not dried)

Trihydrate D: 49.80 (±0.08) [3, 5] 49.92 (±0.25) [2, 3, 5] 53.04 (±0.05)
E: 49.84 (±0.09) [3, 5]

When available, values of standard deviation and harmonics order are indicated between round and square brackets, respectively. (A): VG
degassed at 50◦C under vacuum, diffraction pattern inFig. 2. (B): VG degassed at 25◦C under vacuum, diffraction pattern inFig. 2. (C):
VF, as received, diffraction pattern inFig. 1. (D): VG, as received; mixture of di- and trihydrate, diffraction pattern inFig. 1. (E): VF,
modified; mixture of di- and trihydrate, diffraction pattern inFig. 1.

published bySharpe et al. (1997)shows evidence
of thermal alteration (probably during drying re-
portedly carried out at 55◦C) and cannot as a con-
sequence be linearly combined to reproduce ours.
In contrast, based on a visual evaluation, the two
spectra labelled “United States” and “Germany”
in Brittain (1989) look very much like the two
required to reconstruct our own spectra by linear
combination.
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(c) In addition, the spectra of modified VF and as
received VG inFig. 1 being practically identical
constitute evidence that the hydrated phases can
be formed at room temperature by reaction of the
“anhydrate” with water vapour.

(d) Conversely, the spectra of VG degassed at room
temperature (Fig. 2) and of as received VF
(Fig. 1) show the same features characteristic
of the poorly crystallised “anhydrate” except for
a different background intensity especially over
the interval 10–18◦ 2θ. This is evidence that the
hydrated phases can be dehydrated to a certain
extent at room temperature under vacuum and
their structure modified accordingly.

(e) A partly different diffractogram, shown inFig. 2,
and also inFig. 3 is obtained by degassing the
hydrated material VG under vacuum at 50◦C.
In some sense, it is intermediate between the
two types appearing inFig. 1. At low diffraction
angles (largedhkl), the strong and fine [0 0 l] har-
monics (numbered consecutively in the figure)
are typical of asinglevery well crystallised lay-
ered phase, whereas, in the lowdhkl range 5–1 Å,
it exhibits the same broad reflection as the poorly
crystallised as received VF or as VG degassed at
25◦C. It looks also the same as the spectrum of
the commercial USP grade from Hüls America
Inc. published by Barra and Somma and labelled
MgSt#12–14 inFig. 4 of their article (Barra and
Somma, 1996).

(f) At large diffraction angles not covered byFigs. 1
and 2, all spectra exhibit an additional weak
band centred about 40◦ 2θ (dhkl ≈ 2, 3 Å). This
is exemplified inFig. 3 with the case of batch
VG, to show the relationship between the fine
bands in the well crystallised phase and the broad
bands in the degassed sample. The latter seem
to result from a degeneracy of the former about
the same mean position and to be associated
with the removal of water from the structure. In
all diffractograms of concern inFigs. 1–3, the
relative intensity of line III is 6–8% of that of
line II (after background subtraction). It can also
be noted that the total relative intensity of the
set of [0 0 1] harmonics on the one hand with
respect to that of lines II and III on the other
appears as a highly variable characteristic of the
diffractograms. But, in contrast, the relative inten-

sity of the odd harmonics isalways much larger
than that of the even harmonics of next higher
order.

(g) A recurrent question when dealing with com-
mercial products, is associated with their actual
purity. The composition of materials for phar-
maceutical applications is standardised but, in
the present case, the requirements regarding the
presence and proportion of palmitic chains are
low as reminded in the introduction. Accord-
ingly, a fraction of palmitic chain (roughly 20%
in weight) and a smaller fraction (roughly 20% in
weight) of shorter chains is measured by HPLC.
In relation with this, two remarks can be done.
Firstly, no evidence of the presence of free crys-
tallised stearic or palmitic acids could be found
in any one of the diffraction spectra and all the
characteristics just described above (in a–f) are
incompatible with the assumption that the materi-
als might consist of mixtures ofseparatestearate
and palmitate phases. Secondly, in the spectrum
of VG degassed at 50◦C, three fine lines of
very small intensity (marked with an asterisk in
Fig. 3) may constitute evidence of the presence
of a second crystalline phase possibly associ-
ated with impurities since they are not noticed
in other reports of lower resolution. They may
be present also in the spectrum of the well crys-
tallised as received material but until the structure
of the hydrate phases is established this cannot be
ascertained.

In conclusion of this descriptive section, an impor-
tant final reminder may be that the water content of
the well and poorly crystallised phases differs by only
0.6 mole H2O per mole magnesium stearate, a sur-
prisingly small figure when considering the structural
consequences involved.

In Appendix A, the lattice-spacing and relative
intensity values measured in the present work and re-
ported in various references (ASTM, 1965; Brittain,
1989; Rajala and Laine, 1995; Sharpe et al., 1997)
are listed. The data from reference (Brittain, 1989)
are computed from the diffraction angles read from
the reproductions of the diffraction spectra. Their
original accuracy is thus reduced by an unknown
amount. Based on the visual comparison of the dif-
ferent spectra or sequences ofd-spacing values, it is
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upper two curves are multiplied and shifted as indicated. The labels 5a, 5b and 5c refer to the (0 0 5) harmonic of the trihydrate, dihydrate
and anhydrate phase, respectively, in accordance with the data inTable 2.

very likely that there are only two distinct diffrac-
tion spectra representative of the well crystallised
hydrated phases and that they can be assigned to
the dihydrate and trihydrate. Textural effects (parti-
cle preferential orientation) is a source of additional
complication.

3.2. High temperature X-ray diffactometry

Fig. 4 shows a set of diffractograms obtained by
analysing a VG sample sequentially at increasing
temperature. At each temperature step, spectrum ac-
quisition has been started after one hour thermal
equilibration. Notice the logarithmic ordinate scale
in the figure and the fact that the two upper spectra
are dilated by a factor 2. It is evident that the trans-
formation of the initial structure of as received VG
takes place gradually. Close inspection of the [0 0 5]
harmonic profile shows a succession of three struc-
tural phases. Based on the data inTable 2, it can be
inferred that the trihydrate disappears first, next the
dihydrate to yield at 55–69◦C, the best crystallised
form of the “anhydrate” similar to the one obtained
after long time treatment at 50◦C under vacuum

and return to RT. The modifications in the spectrum
recorded after thermal treatment at 55◦C as compared
to 50◦C are indication that the dehydration process is
not complete after one hour treatment at 50◦C and is
a thermally activated process. Notice that these mod-
ifications include a substantial improvement of the
signal to noise ratio which is not obvious in the figure
due to the different intensity scale of the two spectra.

At higher temperatures, the anhydrate structure is
subject to further modifications. Up to about 100◦C,
the essential observation is that the diffraction band II
shifts towards largerdhkl values. This is demonstrated
in Fig. 5which compares averaged spectra obtained at
55 and 100◦C using NaCl as an internal standard. The
positions of the diffraction lines of NaCl remain un-
changed while the a rotator band shifts by some 0.2 Å.
It can also be observed inFig. 5 that theprofile of the
diffraction band is modified. The line is the narrowest
at the highest temperature. Notice again the very low
intensity diffraction line marked with asterisks at the
same positions as inFig. 3.

All values of the central position of the diffraction
band of the rotator phase determined in three dis-
tinct experiments are plotted inFig. 6. Experiment #3
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Fig. 9. Diffractogram recorded at room temperature after melting of batch VG at 130◦C followed by slow cooling.

corresponds to the data inFig. 5. Experiments #1 and
#2 has been carried out without addition of an internal
standard. The trend is in all three cases qualitatively
similar and corresponds to an average value of the di-
lation coefficient equal to 6.9 × 10−4 (±1.6 × 10−4).
As obvious from the following, the data point at
the highest temperature (107◦C) shifts upwards (to-
wards higher values) with increasing duration of the
isothermal treatment.

Above roughly 100◦C, Fig. 7 shows how line II
gradually disappears to the benefit of a much broader
diffusion band with gaussian profile, centred around
dhkl = 4.62 Å. According to general knowledge about
lipids, the latter is characteristic of liquid “fatty
chains” (chain melting).

As shown inFig. 8, theisothermal“melting” of the
rotator phase can also be monitored by the gradual
collapse of its diffraction band and the reverse built-up
of the diffuse band due to the liquid state as inFig. 7.
Obviously, this is still a very slow process at 107◦C
since the rotator phase is still observed after 15 h. No-
tice that the same observation could be repeated at
other temperatures (results not shown). The diffracted
intensity profiles inFig. 8 are satisfactorily modelled
by the sum of two gaussian components shown as
dotted curves (background subtracted). The respective

width at half-maximum of these components differ by
roughly a factor of 10.

As can be seen inFig. 7, when the temperature has
reached about 130◦C, only the diffusion band remains
visible and the material can be considered as melted.
After cooling down to room temperature, the diffrac-
tion spectrum is as shown inFig. 9. The rotator band
now replaces the diffusion band and a different set of
fine diffraction lines can be observed at low diffraction
angles. The lines labelled 1, sqrt(3), sqrt(4), sqrt(9)
might correspond to the (quenched) hexagonal phase
mentioned in theSection 1.

4. Discussion

Commercial magnesium stearate is available as ei-
ther crystalline hydrates (here a mixture of the di- and
trihydrates, and rarely as a single phase) or a so called
poorly crystallised “anhydrate” depending on whether
it has been dried or not, and if so in which conditions.
This is in accordance with many previous reports
(Vold and Hattiangdi, 1949; Brittain, 1989; Sharpe
et al., 1997), but the so called anhydrate phase contains
a significant amount of water corresponding roughly
to one mole H2O per mole of magnesium stearate. It
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has been demonstrated elsewhere that such an amount
cannotbe accounted for by physical adsorption on the
particles outer surface (Andrès et al., 2001). Actually,
the crystallisation of the di- and trihydrate mixture
from the “anhydrate” exposed to humid air, as appears
in Fig. 1, requires an uptake of only about 0.6 mole
H2O per mole stearate. This can take place at room
temperature under sufficient water partial pressure,
in agreement with literature (Sharpe et al., 1997).
The reverse transformation of the hydrates into the
“anhydrate” can be carried out under vacuum at room
temperature or at increasing temperature under vac-
uum or dry gas.Vold and Hattiangdi (1949)already
obtained the same result by drying at room tempera-
ture in presence of P2O5 and in ambient air at 90◦C.
In fact, it is essentially this low temperature reactiv-
ity toward water vapour that requires clarification in
structural terms.

Schematically, the diffractograms of the crys-
tallised hydrates consist in three bands of fine re-
flections (including the [0 0l] harmonics) and of a
set of weak and very weak reflections between the
first and second bands. They could not be success-
fully indexed by using Vand’s graphical methods.
The very likely reason of that failure is that the crys-
tallised materials are two-phase mixtures, of the di-
and trihydrate as substantiated inSection 3.1. Using
the data listed in table of appendix, an attempt was
made to separate the observed set ofdhkl values in
two subsets, each corresponding to a different hydrate
structure. Indexing each subset by Vand’s method
again proved unsuccessful. The potential solutions
should likely belong either to the triclinic crystal sys-
tem, as proposed for magnesium palmitate (Sharpe
et al., 1997) based on indirect evidence, or to the
orthorhombic or monoclinic systems, according to
Müller (1977a). Using the unit cell parameter values
and crystal systemproposed by the lateras recalled
in Section 1, and considering the extinction rules of
all allowed space groups in the orthorhombic and
monoclinic systems successively, failed to generate
a set ofd-spacing values showing coincidence with
all experimental values in any one of above two
subsets.

Based on the density values evaluated by helium
pycnometry and reported inFig. 1 of Andrès et al.
(2001), it is possible to evaluate the densities of the di-
and trihydrate to 1.06 and 1.10 g cm−3, respectively.

Accordingly, and if the two structures were belonging
to the same orthorhombic or monoclinic crystal sys-
tem, the volume of a unit cell containing one molecule
would differ very little and the product of the two
small lattice parameters (a andb) by 4% only. Thus,
the probability that homologous diffraction lines (al-
lowed by the extinction conditions of each structure)
overlap and be experimentally unresolved would be
very high.

The different intensities of the [0 0l] harmonics
of even and odd order can be qualitatively inter-
preted, independently of solving the structure, on
a simple basis developed bySchearer (1925). This
cannot provide additional structural information and
is just in qualitative agreement with the accepted
end-to-end arrangement of the molecules in successive
layers.

The projected length of the stearic chain starting
from the carbon atom of the carboxyl head including
the length of the terminal methyl group can be esti-
mated at 23.9 Å. If two stearic chains are aligned end
to end, perpendicular to the{0 0 1} plane, their added
lengths make almost exactly for thed0 0 1 spacing of
the anhydrate phase A or B inTable 2. In that case,
the O–Mg–O bonds would have to lie parallel to the
{0 0 1} plane. Otherwise, the direction of the chains
should make an acute angle with the normal to the
same plane. Clearly, structural information is lacking
to decide which situation actually prevails and this
precludes our precise understanding of the position-
ing of the water molecules within the structures, a key
point if the question of whether the lubricity of the ma-
terial is structure-dependent or not, is to be answered.
As a first step, obviously, additional X-ray diffraction
experimental investigation and possibly computa-
tional modelling are mandatory if the mechanism of
the reaction of water with magnesium stearate is to
be elucidated.

When the hydrates are dehydrated in the XRD-
furnace at increasing temperature, the fine diffraction
bands II and III are observed to degenerate gradually
into the two broad lines II and III, characteristic of the
rotator or� form, in which the plane containing the
carbons of each stearic chain are assumed to rotate
freely around the direction of the chain. This gradual
modification of the profile of diffraction band II as
it appears inFig. 4 at 50◦C, provides one with an
obvious explanation to the variability of that section
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of the diffraction spectra reported in the literature,
as the result of the partial thermal degradation by
heat drying.

What is puzzling here is that the thermal degener-
acy of the diffraction band can be achieved by the re-
moval of water at room temperature. In this respect,
temperature appears now as a parameter of secondary
or no importance, as long as the formation of the
rotator phase is concerned in the particular case of
magnesium stearate. It looks as if the water molecule,
when inserted between the polar heads of two or more
stearate molecules, was capable to quench the rotation
of the chains and conversely loosen it when leaving
the structure. From the standpoint of logic, this ap-
pears to be a nonsense unless one accepts the idea that
it is the entire stearate molecules including their polar
head that are made free to rotate or not. That purely
speculative consideration is presented here to empha-
sise how interesting it would to fully understand the
mechanism of the reaction of such layer structure with
water.

In the diffractograms of the anhydrates recorded at
room temperature (Figs. 1 and 2), the ratio of the inten-
sity of line III relative to that of line II remains roughly
constant and independent of the changes observed in
the profile and intensities of the [0 0l] harmonics. In
contrast, the ratio of the (total) X-ray intensity of the
[0 0 l] harmonics over that of the broad lines II and
III is changing (increasing with the degassing tem-
perature), while, as confirmed by results of thermal-
gravimetric analysis to be published separately, the
water content remains unchanged. The finer profile of
the [0 0l] harmonics is indicative of larger coherent
diffraction domains and/or lower lattice micro-strains
in the direction ofc-axis. This is indication that the
elimination of (only) a fraction of the water from
the crystalline hydrates at room temperature (1.2
molecule from between two Mg-stearate molecules)
leaves a relatively disordered structure also along
that direction.

The melting of the stearic chains is revealed by the
gradual disappearance of the rotator line II and the
growth of a broadest band with gaussian profile: the
width of the rotator diffraction band is multiplied by
a factor of 10. The process starts above 100◦C and
it will be shown in a subsequent publication deal-
ing with the thermal analyses of the same materials,
that the details of the associated thermal events up

to full melting are strikingly different depending on
whether the starting material has been degassed be-
fore hand at 25 or 50◦C or is generated in situ from
the hydrated batches. The X-ray investigation of the
product obtained by cooling and solidification of the
melted sample (Fig. 9) has no counterpart in the lit-
erature. Apart from the three weak diffraction lines
(already appearing on heating inFig. 3and that remain
present) the diffractogram seems to reveal two crys-
tallised phases. Additional experiments and specific
literature review would be needed to develop an inter-
pretation but the presented data has the merit of further
emphasising the physical–chemical complexity of the
system of concern and possibly raising interest for its
investigation.

5. Conclusion

A detailed description of the X-ray powder diffrac-
tograms and their reversible modifications with tem-
perature or relative humidity of both crystallised
(hydrate) and poorly crystallised (anhydrate) forms
of magnesium stearate has been given. The broad
qualitative agreement with literature on the change
from the hydrate to the anhydrate type is evidence
that the underlying structural property is independent
of the origin of the material. Structural differences
between commercial materials seem to be almost
uniquely determined by their degree of hydration
in relation with the production, drying and storage
conditions.

The additional information derived from the X-ray
diffraction experiments performed at temperatures
above RT and by investigation of the literature rel-
ative to other metal soaps allows a novel and inter-
esting conclusion. The broad diffraction band around
dhkl = 4.15 Å, at RT can formally be regarded as the
precursor of the a rotator band which can only be ob-
served in other metal soap systems at higher or much
higher temperature. Its reversible transition to the fine
diffraction band of the hydrates associated with the
reversible incorporation of water in the structure (by
intercalation between the layers) is indicative of a yet
unnoticed link between the number of water molecules
present and the capacity for the plane of the aliphatic
chain to rotate freely or not around their longitudinal
direction.
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Appendix A. d-Spacing values observed in present work using high resolution position sensitive counter

n or
label

Present work ASTM (1965) Sharpe et al. (1997) Rajala and Laine
(1995)

Brittain (1989)

dhkl (Å) 2θ I/I0 dhkl (Å) I/I0 dhkl (Å)
dihydrate

I/I0

dihydrate
dhkl (Å)
trihydrate

I/I0

trihydrate
dhkl (Å)
dihydrate

I/I0

dihydrate
dhkl (Å)
“USA”

dhkl (Å)
“Germany”

2 24.588 3.5905 3.4 26.500 20 25.066 45.4
2 23.854 3.7010 4.6 24.143 50.5
3 16.656 5.3014 61 17.650 50 16.667 100 17.02
3 16.076 5.4930 35.7 16.048 100 16.70
4 12.476 7.0799 0.8 12.295 1.7 12.93 15
4 12.054 7.3279 2.4 12.061 6.2
5 9.9835 8.8504 8.6 10.52 5 9.9279 6.4 10.37 100 10.24
5 9.6228 9.1828 8.3 9.5797 13.5 9.89

≈8.84? ≈10 8.85 2 8.67 6
8.3314 10.610 11.7 8.4253 2.7 8.25

≈8.04 ≈11
7.5910 2 7.43 7
7.0660 1 7.09
6.5920 10 6.3802 2.2 6.51 31 6.41

6.2511 14.157 1.9
a 5.9962 14.762 2.5 5.96
b 5.9424 14.896 1.1 6.0360 5 5.96

5.8606 15.105 0.7 5.8060 2
5.6986 15.537 1.2 5.6860 5.7122 1.4

c 5.5267 16.024 3.1 5.5300 5.54 2
5.34 15
5.29 27

d 5.2516 16.869 0.9 5.2550 3 5.21 32
5.1069 2.3 5.11

e 4.9893 17.763 2.7 5.0030 5.04 1
4.84 3
4.79 6

4.7308 18.742 4.3 4.7260 4.74 5 4.70
f 4.4934 19.742 15 4.4830 100 4.5369 19.4 4.44 12 4.51

4.3760 1 4.35 22
g 4.1436 21.427 66.7 4.1870 1 4.1989 60.1 4.2077 25.3 4.09 23 4.20 4.21
i 4.0774 21.779 40.9 4.0570 20 4.07 23 4.09 4.08

4.0528 21.913 60.9 4.03 19
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j 3.9356 22.574 59.3 3.9450 1 3.95 2 3.96
j ′ 3.8203 23.265 22.9 3.8240 16.5 3.78 20 3.82
m 3.7761 23.541 28.7 3.7840 100 3.8047 7.1 3.73 16

3.6970 1
n 3.5271 25.229 6.3 3.5190 5 3.5676 1.6 3.54 6 3.54

3.4242 3.48 9 3.41
3.3470 1 3.31 8

3.27 14
3.1530 1 3.17 1
3.0360 1 3.07 6

p 2.9704 30.060 12 2.9840 2 2.99
2.7790 1
2.7140 1

q 2.4245 37.050 2.5 2.4240 5 2.45
r 2.3718 37.903 1.5 2.3580 1
s 2.3127 38.910 3.7 2.2850 2 2.24

2.2214 40.578 100 2.21
t 2.1673 41.637 2.5 2.1930 5 2.17 2.17

2.1250 1
u 2.0773 43.533 0.8 2.0870 2 2.09 2.09

1.9970 2
v 1.9845 45.679 9.5 1.9740 2 2.00
w 1.8799 48.378 1.6 1.8870 2 1.89

1.8520 1
1.7680 1

1.6991 53.919 0.7
1.5773 58.467 0.6

Comparison with values reported in the literature. Letters from first column to identify the shortd-spacing values are in accordance with labels inFig. 1.
Data in last two columns (Brittain, 1989) are computed from the angular positions read from figures.
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