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The crystal structures of four crystal forms of rifaximin, named o, 8, 6 and &, have been elucidated by
a combination of single crystal and powder diffraction experiments with synchrotron and X-ray

sources. The crystal structures of the & and € forms have been determined from powder diffraction
data alone. Hot stage microscopy has also been of paramount importance in the understanding of the

B — o conversion process.

1. Introduction

In 2008, we reported the identification of five different crystal
forms of the synthetic antibiotic rifaximin (4-deoxy-40-methyl-
pyrido[10,20-1,2]imidazo-[5,4-c]rifamycin  SV),! manufactured
by Alfa Wassermann S.p.A. Rifaximin is a broad spectrum
locally acting antibiotic against Gram-positive and Gram-
negative, aerobic and anaerobic organisms.” Due to the lack of
systemic absorption, rifaximin has only local action (e.g. in the
gastrointestinal tract) and has an excellent safety profile. The
method of production of rifaximin was reported in 1989.°

The existence of different crystal forms of rifaximin was
ascertained and their impact on parameters such as solubility,
intrinsic dissolution and bioavailability were investigated at the
time of patenting and were reported for the different crystal
forms."* All the crystal forms were investigated by X-ray powder
diffraction.! In the same year, a structure of the B-form, with a
water content of 8.40% w/w, was reported by Bacchi et al. ,> while
a bromine analogue had been reported much earlier.® All crystal
forms of rifaximin are obtained from either crystallization (-
and y-forms) or different drying conditions (o-, 8- and e-forms).*
In particular, the B-form is obtained from wet rifaximin after
partial drying, while the o- and d-forms are obtained by more
extensive drying i.e. to a water content of between 4 and 6% (w/
w) for the 6-form and less than 3% for the a-form. The e-form
can only be obtained by drying the d-form while this last process
never results in the formation of the a-form. The relationship
between the rifaximin crystal forms and the preparation
conditions is depicted in Scheme 1.
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Clearly, such a complex phase relationship, in view of the
substantially different physicochemical properties of solid
rifaximin in its different forms, calls for a deeper understanding
of the structure—property relationship. The degree of hydration
seems to play a key role, although the path leading from one
form to the other is not irrelevant: both the o- and e-forms are
characterized by a low water content but they are not directly
related. Therefore, it would be very useful to know how the
water molecules interact with rifaximin and/or among themselves
in the crystal packing. This knowledge would then cast some
light on the mechanisms of (inter)conversion and on the reason
for the increased/decreased stability of each form with respect to
the others.

Many molecular compounds exist as different crystal forms,
such as hydrates that may contain stoichiometric or non-
stoichiometric amounts of water molecules. Chemical and
physical properties, such as solubility and dissolution rate, may
differ between polymorphs, which may significantly affect the
absorption in vivo as well as between the anhydrous and
hydrated forms of a same API. Changes in the crystal form,
whether as transitions between true polymorphs or between
solvates/hydrates can occur, sometimes unexpectedly, during the
manufacturing process, emphasizing the importance of knowing
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Scheme 1 Sketch of the rifaximin molecule.
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Scheme 2 The relationship between the various crystal forms of
rifaximin.

and being able to control the crystal form, particularly in the
case of pharmaceutical compounds. It is undisputable that the
investigation of the diverse crystal forms in which a given
molecule can appear has become one of the most active fields of
research and a source of innovation in sectors where the
production, transport, distribution marketing and exploitation
of the chemicals as a solid formulation is relevant. This is
particularly true for drugs but also holds well for agrichemicals,
nutrichemicals, explosives, pigments ezc.

Much of this interest and knowledge stems from the seminal
work of a few pioneers, such as McCrone and Leiserowitz and to
the studies and active dissemination by Joel Bernstein.” Under
the pressure of ethical and intellectual property issues, the
investigation of crystal polymorphism emerged from academic
laboratories to become an industrial objective as well as an
instrument for intellectual property protection and patenting.’®

The formation of hydrates, as of any other solvate crystal, is
often unpredictable and the role of water in stabilizing the crystal
packings, and hence on the bulk materials properties, such as
hydration/dehydration, physico-chemical stability, wettability,
comminution and tableting properties,® is difficult to under-
stand. Even more so when the same compound shows a non-
stoichiometric behaviour, ie. it is stable in a given crystal
structure in a wide range of water content.®”

Fig. 1 The result of a typical drying process with P,Os: a single crystal
of rifaximin form f (left) converts into a single crystal of rifaximin form «
(right), which is then used for an X-ray single crystal data collection.

Several examples of hydrates have been studied in detail by
Grant.” Theophylline forms an anhydrate and a monohydrate,
which are present in mixtures of organic solvents and water
depending on the water concentration: if the water activity value
is less than 0.25, the anhydrate is the only species present,
whereas at values greater than 0.25, the monohydrate is the most
stable form.”® Anhydrous crystalline ampicillin has also been
shown to be kinetically stable for several days in MeOH-H,O
mixtures over the whole range of water activity. Even though the
crystalline trihydrate is more thermodynamically stable and less
soluble than the anhydrate, interconversion occurs only with the
addition of seeds and with a water activity value greater than
0.381.°” A useful classification scheme, proposed by Morris and
Rodriguez-Hornedo,'° considers three categories of crystalline
hydrates, i.e. isolated site hydrates, channel hydrates and metal-
ion-associated hydrates. As we will show in the following
sections, rifaximin hydrates fall into both the first two categories.

With the aim of learning more about the rifaximin crystal
forms, we have started a thorough investigation to determine the
crystal structure of each form of rifaximin. In order to do so, we
have used crystallography, single-crystal and powder diffraction.
Rifaximin is not a small molecule, however, and in order to
obtain sufficient information from the powder samples, we
resolved to use X-ray radiation from synchrotron sources besides
that available from conventional laboratory instruments.

The possibility of obtaining good quality single crystals of the
B-form of rifaximin has strong implications on the characteriza-
tion of the a-form, as the a-form can only be obtained via
dehydration of the B-form. This process is normally conducted
by moderate heating of a crystalline powder sample of the
B-form. Dehydration of the B-form in a SCSC process (single
crystal to single crystal), on the contrary, is not generally a
feasible process as the cell parameters of the - and o-forms are
significantly different and therefore, the crystal experiences
internal pressures during the dehydration process that easily
cause crystal disintegration.'!

Good quality crystals, such as those obtained by the procedure
described here, can be dehydrated in mild conditions i.e. at room
temperature in the presence of P,Os, yielding single crystals of
the a-form of rifaximin, even if the crystals break (see Scheme 2).
As a consequence, the collection of single crystal data via X-ray
diffraction becomes possible and molecular and crystal structure
determination of rifaximin form o can be obtained (Fig. 1).

In view of the need to gather reliable structural information,
several diffraction experiments have been carried out for each
crystal form of rifaximin and will be discussed in the following
sections. Three crystal structures for the a-form and two new

Fig. 2 Different conformations at the amidic junction in the two
independent molecules of rifaximin o.
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crystal structures for the B-form have been determined from the
single crystal data, while one crystal structure for the 6-form and
one for the e-form have been determined from the powder data.

2. Results and discussion

All forms of rifaximin are non stoichiometric in that they can
exist as a given crystal structure within a certain range of water
content. For this reason, we have chosen to label all the
structures obtained with Greek letters corresponding to the main
form, as previously reported by us, with the addition of an index
corresponding to the number of water molecules per formula
unit, as determined from the diffraction data. Clearly, while this
figure is unique in the case of the single-crystal data (see below),
in the case of the & and & forms, whose structures have been
determined from the powder data, the water content is the result
of an average over the composition of the powder sample used
for data collection. In the following sections, the structures will
be indicated as o, 05, 015, B3> Pas, 02 and &g s.

One point however, needs to be addressed before proceeding.
The water content determined from the diffraction data and
from the powder diffraction experiment is the result of an
average over all the crystallites constituting the sample from the
crystallization batch. In the case of the single crystals, on the
other hand, the average is over the total number of unit cells
forming the crystal used for that specific experiment. Obviously,
if every unit cell is fully occupied, this averaging “through space”
leads to 100% occupancy and hence to a precise stoichiometric
ratio.

The presence/absence of water molecules in specific crystalline
positions can have a low-to-moderate effect on the cell axes
dimensions and therefore on the position of the diffraction
peaks. In addition to this, the intensity of specific peaks can vary.
This may allow for a better interpretation of the X-ray powder
diffractograms as shifts in the patterns can be correctly
attributed to the presence of the same form but with a different
water content. The structure reported by Bacchi er al.’ will be
denoted as B4. A list of the structures described in the present
work together with their respective water content is presented in
Table 1.

All the structures of rifaximin, which is chiral, crystallize in the
monoclinic P2; space group, with two independent molecules

Table 1 Rifaximin structures presented in this work, with their
respective water content

Structure Radiation water%
Name nH,O“ solution from source TIK wiw
olo 0 SC synchrotron 295 —
olo.5 0.5 SC synchrotron 100 1.1
olo.5 0.5 SC conventional 295 1.1
o5 1.5 SC conventional 295 3.3
Bso 3.0 SC conventional 295 6.4
[ 4.0 SC conventional 295 8.4
Bas 4.5 SC synchrotron 295 9.4
5 2.0¢ powder synchrotron 295 4.4
€0.5 0.5¢ powder synchrotron 295 1.1

“ Number of water molecules in the formula unit. * From Ref. 5.
¢ This value represents the number of water molecules averaged for the
crystallites constituting the powder sample used for data collection. SC
= single crystal.

and a variable number of water molecules in the asymmetric
unit. Analogously to what was observed for P4, in all cases the
two independent molecules are related by a pseudo two-fold axis
and differ only for the local conformation at the amidic junction
(see the comparison in Fig. 2). The “open conformation” of the
ansa chain’ is adopted in all cases.

All the rifaximin molecules analysed in the present work are
shown in Fig. 3 and the pictures have a common orientation of
the chromophore. It can be seen that in all cases, the open
conformation of the ansa chain is maintained.

In all the crystals of rifaximin, the packing is based on pairs of
independent molecules arranged face-to-face, as shown in Fig. 4
and 5. Whether the relevant interactions between the molecules
are of the m—m stacking type or depend simply on the “shape
factor”, viz. the fact that face-to-face pairing better optimises
space occupation, or on a combination of the two factors is
difficult to establish. In addition to the m-m stacking, the
association is assisted by an intermolecular hydrogen bond
between the amidic NH group of one molecule and the CO
group of the second molecule within the pair. This type of

€os

Fig. 3 Ball-and-stick representation of the two rifaximin molecules
present in the asymmetric unit of o, P45, 0, and g, 5 forms. It can be seen
that in all cases the ansa chain is in an open conformation.
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Fig. 4 Dimeric units in crystalline rifaximin, showing the progressive
difference in the relative orientation of the two independent molecules in
each asymmetric unit. This difference is barely detectable on passing
from oy to P45, while it is more pronounced in crystalline 6, and even
more so in rifaximin g s.

it
B

Fig. 5 Different relative orientations of the two independent molecules
can be appreciated if the six-membered rings belonging to the
chromophore systems are superimposed.

0.5

Fig. 6 Zigzag ribbon of rifaximin molecules extending along the b-axis
direction in rifaximin o.

packing arrangement has been observed, in addition to Py, in at
least six crystals of rifamycins® and is responsible for the fact that
the two molecules show different conformations of the amido
group (as shown in Fig. 2).

Rifaximin dimers are linked together via hydrogen bonds
involving the OH groups on the ansa chain, resulting in zigzag
ribbons that extend along the b-axis (see Fig. 6). The interlocking
of the rifaximin molecules on adjacent ribbons (see Fig. 7) gives
rise to an infinite layer parallel to the bc-plane.

Alternatively, the packing in all forms of rifaximin can be seen
as a juxtaposition of molecular rods extending along the c-axis
direction (see Fig. 8). In addition to a change in the relative
orientation of the rifaximin molecules within a dimeric pair, the
a-, B-, 0- and e-forms present a different relative arrangement of
the molecular rods, which seem to “‘slide’” on passing from one
form to the other. The resulting orientation of the chromophore
planes involved in the n-stacking interactions is evidenced by the
coloured segments in Fig. 9.

Fig. 10 shows how the zigzag-pattern, which is due to the
relative orientation of the dimers, is exactly the same within the
o- and B-forms, irrespective of the water content: the addition of
1.5 water molecules to o does not alter the rifaximin distribution
and orientation in its crystal, while the addition of the same
amount to o 5 results in the phase transition to rifaximin B-form.

Rifaximin usually contains water and some forms are more
prone to water absorption than others. Rifaximin o is known to
take up water up to ca. 3% water content and then to convert

Fig. 7 Formation of a 2D molecular layer parallel to the bc-plane in
crystalline o).

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Molecular rods extending along the c-axis in rifaximin o, B4, 6>
and g 5.

e

into the B-form or d&-form, depending on the conditions.
Obtaining the single crystal data for anhydrous rifaximin, o,
is not an easy task as o, readily absorbs water from the air. The
single crystal data for rifaximin o could be obtained only at
room temperature as at 150 K, the use of a nitrogen flow could
not prevent some degree of water condensation and although
synchrotron radiation was employed, thus allowing for a very
fast data collection, the resulting data showed the uptake of
water and formation of aq 5. Data for o s was also collected at
room temperature with a conventional X-ray source. An o s
sample was also characterized, which represents the upper limit
for water in this hydrated form.

The fact that rifaximin o possesses at least one water molecule
per dimeric unit can be explained if one examines the hydrogen
bonding interactions involving the amido groups on the two
molecules in oy (Fig. 11). The NH group not involved in the

Bas

€05

Fig. 9 The relative orientation of the chromophore planes involved in
the m-stacking interactions, as evidenced by the coloured segments, in
crystalline rifaximin o, P45, 0> and €g 5.

[33.0

Olg

Q5|

ﬁ4.5

Fig. 10 The relative orientation of the dimeric units in the o- or f-forms
is not altered if the water content is within the range of stability for that
form.

intra-dimer hydrogen bond does not interact at close distances
with hydrogen bonding acceptor groups as this is addressed by
the water molecule that enters the ansa chain in o s, as can be
appreciated in Fig. 11a. The position of this first water molecule
is also kept in o 5 (see Fig. 11), while the second and third water
molecules interact with the OH groups belonging to the
chromophore and the ansa chain.

In all the cases examined, although locating water is much
more difficult in the §- and e-forms due to the fact that the water
content is averaged for the polycrystalline sample and that the
structures are solved from the powder data, there is a “niche” in
one rifaximin molecule, where one water molecule can be
accommodated in a “loose” way, as shown in Fig. 12 for
rifaximin B3. This niche is then closed by the second molecule in
the dimer and by a third molecule of an adjacent rod in the
crystal.

The location of the water molecule within the “niche” is
constant within the o- and B-forms, as shown in Fig. 13. The
remaining molecules cluster together outside this cavity. In
rifaximin B4 5, the 8 water molecules per dimer which form the
cluster do not fully occupy their crystallographic positions but
are randomly dispersed over ten different locations.

2.1. Hot-stage microscopy

Crystals of rifaximin f were placed on a Linkam LTS350 heating
stage mounted directly on an Olympus polarizing optical
microscope and heated in the temperature range of 25-60 °C,
at the heating rate of 1 °C min~'. In all the samples in which the
b-axis was perpendicular to the hot-stage plane, a dramatic
change in the crystal shape was observed due to the sudden
increase in the monoclinic f§ angle from ca. 90° to ca. 110° (see
Fig. 14). In a few cases, the rapid movement caused the single
crystal to break.

3. Conclusions

In this paper we have reported the crystal structures of four
crystal forms of rifaximin. The structural characterization has

6408 | CrystEngComm, 2012, 14, 6404-6411
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o s

Oa.s

Fig. 11 The two hydrogen bonded amido groups in a rifaximin dimer:
one of the two NH, 4o groups (circled in orange) is always involved in
the NH---O hydrogen bond while the second NH,4, 1S not involved in
any relevant hydrogen bond interactions in rifaximin oy. This is where
the first (yellow arrow) water molecule (in blue) enters the system in
rifaximin o s; the blue arrows indicate the location of the additional
water molecules rifaximin o s.

Fig. 12 The water molecule in the “niche” is in close contact with the
OH:---O" intra-HB and it is found in all the B structures. The position is
similar to the one observed in the a-form but in that case, the interaction
with the NH, 4o group is closer.

o o o 393
Qg5 015
o’o)a’ OeO‘OéO‘OQO‘
L % % £ ?}?3?} ?’f",?'o‘,?'é‘,
PP . P |P.%.%.|%. & &,
& & PP’ & & &
B3o Bao Bas

Fig. 13 Progressive clustering of water molecules on passing from o s
to B4.s. Note how the position of the “first”” water molecule (light blue) is
left unchanged in all the structures (this is the water molecule linked to
the NH,miqo group in the a-form and accommodated in the niche in the
B-form).

Fig. 14 Optical images of a large rifaximin single crystal: (a) f-form at
25 °C (monoclinic ff angle, shown in red, ca. 91°); (b) at 50 °C the B-form
— o-form transformation is complete and the monoclinic ff angle, shown
in green, is now ca. 110°.

been instrumental to the understanding of the phase relationship
and of the hydration-dehydration processes which characterize
this class of hydrates. The extent of hydration is of great
importance with drugs. As observed in the case of rifaximin form
B3, and also for rifaximin form o, the water content can be shown
to vary when single crystals are examined, passing from zero to
1.5 water molecules per rifaximin molecule, depending on the
dehydration conditions and the collection technique utilized. A
slight variation in the cell parameters and water molecules
position/occupancy results in slight variations in the position/
intensity of the peaks in the calculated diffractograms of the
various o single crystals.

It is important to stress that the modifications of the
diffraction patterns of the a-and B- forms due to different water
content/positions are much less relevant than those observed for
the B-form to a-form transformation, which is accompanied by a
sudden, relevant change in the cell parameters.

Experimental details

All reagents and solvents were purchased from Sigma-Aldrich
and used without further purification.

This journal is © The Royal Society of Chemistry 2012
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Crystallization of the rifaximin f-form

A suspension of rifaximin o in ethanol-demineralized water was
heated with stirring until complete dissolution was observed. The
solution was allowed to evaporate at room temperature, yielding
orange single crystals of rifaximin f. Single crystals of rifaximin
B were then dried with P,Os in a desiccator, yielding single
crystals of rifaximin o with a variable water content.

X-ray single crystal diffraction

The single-crystal data for two single crystals of the o- and
B-forms of rifaximin for all compounds were collected at RT on
an Oxford X'Calibur S CCD diffractometer equipped with a
graphite monochromator (Mo-Ka radiation, 2 = 0.71073 A).
The data collection and refinement details are listed in Table 2.
To obtain data with a high resolution, single crystals of rifaximin
o and P were collected on a XRD1 beamline at ELETTRA
syncrothron (Trieste, Italy) with 4 = 1.0 at room temperature,
and at 100 K with a Cryogen system MARSCH300. The
structures were solved by direct methods and refined by full-
matrix least-squares on all F* using SHELXL97.1%* Hydrogen
atoms were partly located on the Fourier difference maps,
refined isotropically and partly added in calculated positions.
Anisotropic displacement parameters were refined for C and N
atoms in the structures obtained in our laboratory and were
refined for all non-hydrogen atoms in the structures obtained
using the XRD1 beamline. The data for o s, o1 5 and B5 are of
poor quality, especially for the a-form of rifaximin, where single
crystals are obtained via dehydration of the B-form. In addition

to this, in the case of the X-ray data, diffraction at high angles is
scarce and this is the reason for the low number of reflections
collected at higher angles.

The program PLATON'? was used to calculate the hydrogen
bonding interactions. SCHAKAL99'** and Mercury'? were
used for the molecular graphics.

X-ray powder diffraction

X-ray powder diffractograms were collected on a Pananlytical
X'Pert PRO automated diffractometer with Cu-Ko radiation
and an X'Celerator detector equipped with an Anton Paar TTK
450 low-temperature camera. The program PowderCell'* was
used to calculate the X-ray powder patterns on the basis of the
single crystal data. The identity of the bulk material obtained
and the structures obtained from single crystals were verified by
comparing the calculated and observed powder diffraction
patterns.

Structural determinations from powder data.

X-ray diffraction patterns of rifaximin 6 and & were recorded at
the diffraction beamline at the ELETTRA synchrotron radiation
facility in Trieste. The diffraction data for the powder sample
encapsulated in a 0.3 mm diameter capillary was measured using
X-rays with a wavelength of 1.0 A at room temperature. The
powder diffraction data was analyzed with the Highscore plus
software. 30 peaks were chosen in the 260 range of 5-40° and the
unit cell parameters were found by using the DICVOL
algorithm.'® The powder data for rifaximin & showed impurities

Table 2 Rifaximin structures presented in this work, with their respective water content

Rifaximin o

Rifaximin B Rifaximin 8 Rifaximin &

Synchrotron X-ray
Formula C43Hs, Cy3Hsy Cy3Hsz Cy3Hsy

N3O N;O115 N3O115 N;O125
Water 0 0.5 0.5 1.5
Mr 785.88 794.89 794.89 812.90
TIK 295 100 295 295
A 1 1 0.71073 0.71073
Crystal system  Monoclinic ~ Monoclinic ~ Monoclinic =~ Monoclinic
Space group P2, P2, P2, P2,
alA 14.232(4) 14.401(4) 14.579(4) 14.492(4)
blA 19.822(4) 19.662(4) 20.232(4) 20.098(4)
c/A 16.164(4) 16.153(4) 16.329(4) 16.215(4)
p () 108.74(3) 111.04(3) 111.24(3) 111.21(3)
VIA® 4318.2(5) 4268.6(5) 4489.3(5) 4402.7(5)
Z 4 4 4 4
DJMg m ™3 1.209 1.237 1.237 1.226
pw/mm! 0.09 0.09 0.08 0.09
F(000) 1672 1692 1672 1732
20 range/deg 2<20<40 3<20<40 3<20<60 3<20<60
Reflns collected 103601 9506 20$151 15$800
Indip. reflns 6941 6184 6184 2415
Rine 5.17 2.32 17.90 16.17
Parameters 1027 454 992 592
GoF on F# 1.03 2.53 0.94 0.96
R (obs) 0.0805 0.1767 0.1767 0.1628
wRy(all) 0.1063 0.1893 0.1410 0.4202
Largest AF 0.38/—0.32 1.27/-0.71 1.03/-0.31 0.67/—0.30
max./min A3
Rwp — — — —
Rp — — — —
R(F) — — — —

X-ray X-ray Synchrotron  Synchrotron Synchrotron
(Ref. 5)

Cy3Hs7 Cy3Hso Ca3Heo Cy3Hss Cy3Hs3

N;O14 N3O N;Oi5.5 N;043 N3O

3 4 4.5 4 1

839.93 857.93 866.95 785.88 731.83

295 295 295 295 295

0.71073 0.71073 1 1 1

Monoclinic  Monoclinic Monoclinic ~ Monoclinic  Monoclinic

P21 P21 P21 P21 P21

13.7960(8) 13.8420(8)  13.753(8) 13.760(7) 13.475(8)

19.944(4) 19.863(1) 19.749(4) 20.256(1) 20.629(1)

16.607(6) 16.721(1) 16.378(6) 16.347(3) 15.997(7)

92.180(1) 91.709(1) 91.972(1) 106.706(1) 107.223(1)

4566.1(4) 4595.3(4) 4445.8(6) 4364.0(3) 4247.4(7)

4 4 4 4 4

1.222 — 1.295 — —

0.09 — 0.10 — —

1792 — 1852 — —

3<20<60 — 2<20<40 — —

19$550 — 118822 — —

2253 — 6019 — —

16.90 — 1.30 — —

503 — 1096 — —

0.96 — 1.16 — —

0.1948 — 0.0565 — —

0.5247 — 0.0568 — —

0.52/—0.40 — 0.78/—0.31 — —

— — — 5.00 3.04

— — — 2.11 2.16

— — — 0.0345 0.0475
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of the B polymorph. The structures of both &, and g;s were
solved by simulated annealing using all the independent ions and
molecules. Simulated annealing runs with structure fragments
were performed with EXPO2010, the updated version of
EXP02009."* All options were left as default if not specifically
stated. The best solutions were chosen for Rietveld refinements.

Rietveld refinements were performed with the GSAS soft-
ware.'” Rietveld analyses were conducted starting from the
solution obtained by EXPO and by treating the single molecules
as rigid bodies. A shifted Chebyshev function with 16 parameters
and a Pseudo-Voigt function (type 2) were used to fit the
background and peak shape, respectively. A spherical harmonics
model was used to describe the preferred orientation. Restraints
were applied on the bond distances and angles of rifaximin. An
overall thermal parameter for each atomic species of the
molecules was adopted. The experimental details and structural
data are listed in Table 2.

Hot-stage microscopy (HSM)

Hot Stage experiments were carried out using a Linkam TMS94
device connected to a Linkam LTS350 platinum plate. Images
were collected with the imaging software Cell, from an Olympus
BX41 stereomicroscope
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