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Introduction

Asbestos fiber properties, such as heat resistance, noncom-
bustibility, unusual tensile strength and resistance to selec-
tive chemical attack, are important for the wide use of min-
eral chrysotile in a variety of industrial applications.[1] Chrys-
otile, which accounts for approximately 95% of manufac-
tured asbestos,[2,3] occurs as a natural fiber that can be
woven, moulded, and added to other inorganic and polymer-
ic compounds to form superior and advanced materials with
an enhanced value.[4] The silicate mineral chrysotile is also a
naturally occurring, nano-sized, tube-shaped material which
may represent an alternative to carbon nanotubes for cer-

tain applications, such as the manufacture of nanowires.[5,6]

The mineral chrysotile nanotubes differ from carbon nano-
tubes in some important physical parameters, that is, they
are nonconducting, they have lower mechanical strength,
their length can reach a millimeter range, and they are
always uncapped.[7,8]

Health hazards associated with asbestos are well docu-
mented in the medical and general health literature, and its
deleterious environmental effects are now well-known.[9]

Pleural thickening and calcification, pulmonary fibrosis, lung
cancer, and pleural mesothelioma are the main health issues
associated with asbestos exposure. These pathologies cannot
be ascribed exclusively to asbestos fibrous form, and its
length to diameter ratio is greater than three.[10] In fact, the
chemical, structural, and physico-chemical properties of
chrysotile fibers are of major significance in their interac-
tions with biological systems.[11]

Mineral chrysotile, Mg3Si2O5(OH)4 is composed of sheets
of Si-centred tetrahedra in a pseudohexagonal network
joined to sheets of octahedral magnesium hydroxide
(Figure 1). The structure of chrysotile fibrils is composed of
layers curved concentrically or spirally, usually around the
x axis (clinochrysotile and orthochrysotile), and seldom
around the y axis (parachrysotile), into a tubular structure
(rolls) of about 22±27 nm in diameter.[12] The rolls possess
hollow cores with a diameter of about 5±8 nm, because the
layers cannot energetically withstand too tight a curva-
ture.[13] The earlier X-ray diffraction studies on chrysotile
showed a remarkable distortion (curvature) of the unit cell
with respect to the conventional crystal structures, so that a
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Abstract: Stoichiometric chrysotile tub-
ular nanocrystals have been synthe-
sized as possible starting materials for
applications toward nanotechnology,
and as a standard reference sample for
the investigation of the molecular inter-
actions between chrysotile, the most
utilized asbestos, and biological sys-
tems. Chrysotile nanocrystals have
been synthesized under controlled hy-
drothermal conditions, and have been

characterized by chemical, morphologi-
cal, structural, spectroscopic and micro-
calorimetric analyses. They show a con-
stant ™cylinder-in-cylinder∫ morpholo-
gy constituted by two or three concen-
tric subunits. Each single nanocrystal

has a tubular shape of about 49�1 nm
in outer maximum diameter, and a
hollow core of about 7�1 nm. Struc-
tural investigation carried out on an X-
ray powder pattern allowed to improve
the structural model proposed for
chrysotile mineral samples. Synthetic
chrysotile crystallizes in the monoclinic
Cc space group with a=0.5340(1) nm,
b=0.9241(1) nm, and c=1.4689(2) nm,
b=93.66(3)8.

Keywords: chrysotile ¥ health
hazard ¥ nanotubes ¥ reference
compound ¥ X-ray diffraction

Chem. Eur. J. 2004, 10, 3043 ± 3049 DOI: 10.1002/chem.200305685 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3043

FULL PAPER



new theory specially formulated for cylindrical lattices had
to be developed.[14±16] The existence of regular cylindrical (or
helical) and spiral lattices with a triclinic (anorthic), mono-
clinic (clinochrysotile[17]), and orthorhombic (clinochryso-
tile[18] or parachrysotile) symmetry was recognized.

Natural chrysotile fibers may contain different propor-
tions of chrysotile polytypes (ortho-para-clino-chrysotile),
and mineral samples usually show the intimate intergrowth
of the chrysotile polymorphs lizardite and antigorite.[19]

Chrysotile fibers are contaminated with other minerals, and
trace metals are particularly abundant. In fact, they general-
ly develop as a result of defects in the mineral structure and
are subject to many isomorphic substitutions, therefore most
fibers contain impurities.[20] These heterogeneities could
probably be correlated to the different chrysotile crystal
morphologies observed; these include hollow cylinders, non-
hollowed cylinder, tube-in-tube fibers, conically wrapped
fibers, cone-in-cone-shaped concentric structures, spiral, and
multispiral structures.[21]

In natural chrysotile fibers, the tubular crystals have an
outer diameter, which ranges from 10 to 50 nm, and an
inner diameter between 1 and 10 nm. Its high degree of het-
erogeneity strongly affects the biological±mineral system in-
teraction; this has been widely investigated in order to indi-
viduate the causes of health hazards associated with asbes-
tos.[22,23] For these reasons, the availability of synthetic chrys-
otile nanotubes with stoichiometric composition, and con-
stant morphology and structure is crucial. Chrysotile
nanotubes may be used both as a standard reference sample
to investigate the chrysotile features responsible for devel-
oping pathologies, and their properties for potential applica-
tions in nanotechnology.

Syntheses of chrysotile have been recorded as early as the
1920×s and 1930×s. Chrysotile has been synthesized by differ-
ent hydrothermal reactions in the MgO±SiO2 system.[24] The

formation of fluorhydroxylchrysotile Mg6Si4O10Fx(OH)8-x has
been investigated by Ushio and Saito.[25] Olivine was com-
pletely serpentinized in the presence of NaOH[26] , and trans-
formed firstly into antigorite, which recrystallizes as chryso-
tile on further reaction in the presence of NaOH, but forms
lizardite in the presence of water.[27] Chrysotile microcrystals
have been synthesized from olivine and water over a range
of different temperature, pressure and time, and [24] various
Mg±Ni chrysotile samples have been synthesized by hydro-
thermal reactions.[28] Chrysotile was obtained by transforma-
tion of synthetic diopside CaMg(Si2O6).

[29] A number of hy-
drothermal investigations have been made on various as-
semblages of minerals which make up the serpentine multi-
system. These studies are not oriented towards chrysotile
syntheses, but rather to the investigation of the reactions,
which involve mineral transformations in an attempt to es-
tablish stability ranges.[30±33] In the light of the wide availabil-
ity of asbestos as a natural raw material, the purpose of syn-
thesis may seem somewhat incongruous.[34] Nevertheless, in
this paper we present a new approach to synthesize stoichio-
metric chrysotile regular tube-shaped nanocrystals as a
unique phase under controlled hydrothermal conditions.[35]

Chemical analysis: X-ray powder diffraction (XRPD), fouri-
er transform infrared spectroscopy (FTIR) and Raman spec-
troscopy, and scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), atomic force microsco-
py (AFM), and microcalorimetric techniques have been
used to characterize the synthetic nanocrystals in order to
present them as a possible standard reference sample. Their
possible applications range from biology to medicine in
order to understand the interactions of nanocrystals with bi-
ological systems, and for the preparation of quantum wires
in nanotechnology.

Results and Discussion

Synthesis and characterization : Stoichiometric chrysotile
nanocrystals have been synthesized as a unique phase by
means of hydrothermal reactions under controlled condi-
tions. Silica source MCM41 was used instead of the most
diffused silica gels for two main reasons: i) commercial silica
gel is commonly associated with considerable amounts of
metal oxides, and ii) its constant morphology plays a role on
the kinetics of the reaction, which ensures a higher reliabili-
ty. The use of favorable laboratory synthesized MCM41 sat-
isfies the necessary required purity of the reactants in terms
of metal ions. This MCM41 showed a average pore size of
3.9 nm and a specific area surface of 910 m2g�1. The reaction
was carried out by using MCM41 in an aqueous solution of
MgCl2 with a Si/Mg molar ratio equal to 0.68. The pH was
raised to 13.0 by adding NaOH solution, and a hydrothermal
treatment at 82 atm for 24 h was then performed. The stoi-
chiometric Si/Mg molar ratio of 0.66 induces the formation
of brucite as a second phase, while a Si/Mg molar ratio
higher than 0.68 leads to the formation of other silicate com-
pounds such as talc. The optimum value to synthesize chrys-
otile single phase is pH 13.0; higher values favor the con-
temporary formation of brucite, while lower values reduce

Figure 1. A perspective view of the OT layers in the chrysotile structure.
Magnesium environment is represented by octahedra, silicon environ-
ment by tetrahedra. The length of the c axis is reported.
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the chrysotile crystallinity. Reaction times lower than 24 h
do not allow chrysotile to reach a high degree of crystallini-
ty. The powder X-ray diffraction pattern of the synthesized
chrysotile displays the characteristic reflections of high crys-
talline chrysotile as a unique crystalline phase (Figure 2a).

The TGA and DTA curves of synthetic chrysotile fibers
are reported in Figure 3. An endothermic area at 650 8C cor-

responding to the dehydroxyla-
tion of the chrysotile crystals
and the sharp exothermic peak
at 810 8C indicates the crystalli-
zation of the remaining amor-
phous anhydrous materials (the
so-called meta-chrysotile
Mg3Si2O7) into forsterite
(Mg2SiO4)

[36] are observed. The
lack of additional peaks, ob-
served in the mineral chrysotile
fibers thermal analyses, togeth-
er with the sharpness of the
transformation to forsterite and

silica gives evidence for the homogeneity and purity of syn-
thetic chrysotile crystals.

The synthetic chrysotile main-band frequencies from the
FTIR and Raman spectra are reported in Table 1. They
agree with literature data,[37,38] and confirm the high purity
of the chrysotile, and the absence of other phases. The ICP
analysis gives a Si/Mg molar ratio equal to 0.66, as expected
for stoichiometric chrysotile. The presence of foreign metals
is relegated to very low amounts.

Crystal structure : The peak positions of the observed pat-
tern match those reported on the ICDD file no. 43±662, and
unambiguously indicate that the synthetic nanofibres are
composed of pure clinochrysotile. Unfortunately, it is known
that the space group C2/c reported on the ICDD file is in-
correct.[39] This problem, combined with the observation that
the relative intensities were fairly different from those re-
ported in the file, prompted an accurate search for a better
space group, a new indexing of the observed pattern, and
the structure determination with the Rietveld method. The
runs for the unit-cell determination in TREOR[40] clearly in-
dicate a monoclinic setting very similar to the one reported
on the ICDD file no. 43±662. A first selection based on sys-
tematic absences and peak positions indicated the following
possible space groups: Cc, Ca, C2/c, which considers a c axis
of about 1.46 nm and P21, P21m

�1, and Cm considers a
c axis of about 0.73 nm. The LeBail fits carried out by using
the selected space groups clearly indicate three best choices:
Cc, C2/c, and P21. Among these, only Cc is consistent with
an OT (O=octahedral and T= tetrahedral) layer structure
(1:1 tetrahedral and octahedral layer unit; Figure 1). In fact,
in the C2/c space group, whatever the choice of origin may
be, one of the layers is invariably doubled in the cell, which
generates a TOT or a OTO unit. In the space group P21,
whatever the choice of the origin may be, the symmetry in-
variably causes an inversion of the polarity of the tetrahedra
in the T layer.

The coordinates of an ideal trioctahedral OT unit in the
unit cell with c=1.46 nm, space group Cc, were used as an
input for a Rietveld structure refinement in GSAS.[41] The
final agreement factors are Rp=23.4%; Rwp=26.0%; c2=

5.6. The refined unit cell parameters are a=0.5340(1) nm,
b=0.9241(1) nm, c=1.4689(2) nm, and b=93.66(3)8. Fig-
ure 2a and b report the observed and calculated powder pat-
tern up to 808 of 2q. The refined atomic parameters are re-

Figure 2. a) Experimental, b) calculated XRPD patterns of the chrysotile
nanocrystals, and c) comparison between the observed and the calculated
powder patterns.

Figure 3. a) TGA and b) DTA scans of synthetic chrysotile fibers.

Table 1. Assignment of the chrysotile FTIR and Raman bands.

FTIR [cm�1] Assignment Raman [cm�1] Assignment

3692 MgOH stretch 3694 external MgOH stretch
3645 (shoulder) MgOH stretch 3643 internal MgOH stretch
3410 (broad) H2O stretch 1102 antisymm. Si�O�Si stretch
1640 (broad) H2O bend 690 symm. translation mode Si�O
1082 Si�O�Si stretch 463
1015

)
Si�O�Mg stretch 344 Mg�OH symm.translation mode

958 Si�O stretch 231 Mg�O symm. mode
604 Mg�OH libration 431
435

�
Si�O�Mg bend 388 Mg�O antisymmetric mode

315
198
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ported in Table 2. The different curve in Figure 2c shows a
good degree of agreement between the calculated and the
experimental patterns, although the Rietveld algorithm is

not specifically designed to take into account curved cylin-
drical stacking. In any case the model obtained by GSAS
program is the preffered choice, because even when a spe-
cifically modified version of DIFFaX was used[42] (a suite es-
pecially developed to study planar faults in crystals) it was
not possible to obtain significantly better results.[43] The
structure has been refined by means of GSAS anisotropic
broadening parameter along the b axis by using the stacking
fault model and the following values for the anisotropic Lor-
entian coefficients: Lx=21(1) and stec=76(1).

The structural result is very useful because a) it proves
that the refined pattern belongs to a pure chrysotile sample;
b) it improves the model used for the quantitative phase
analysis with the Rietveld method proposed by Gualtieri
and Artioli who refined a natural impure standard sample,
and[44] c) it fills the void opened in the literature, since Wiks
demonstrated the inconsistency of chrysotile space group.[39]

Morphology : The optical microscopy images of synthesized
stoichiometric chrysotile show a bundle morphology very
close to that of natural chrysotile fibers. SEM images (Fig-
ure 4a and b) reveal how the long bundles are constituted of
finely matted fibres of a small size (about a few microns
long). TEM analysis was carried out on synthetic chrysotile
fibers only disaggregated by sonication, without any addi-
tional treatment; this reveals the tubular chrysotile single
nanocrystals, which aggregate to form microfibers structures
(Figure 4c). The single nanocrystals, which have a cylindrical
shape with a length of the order of some microns, show a
transparency in the central area that run longitudinally
along the crystal (Figure 4d). This finding indicates that the
crystal core is void or contains low-electron dense material,
such as an amorphous phase. The hollow tubular morpholo-
gy of a chrysotile single crystal is clearly shown in Figure 5(-
top), in which three tubular subunits are concentrically ar-
ranged in a telescopic form. ™Cylinder-in-cylinder∫ morphol-
ogy is the unique shape observed and the number of concen-
tric tubes is two or three. TEM images indicate that the

electron density of crystal walls is nearly uniform and
almost continuous along the cylinder axis, while the crystal
core has a lower electron density, which suggests the ab-

sence of material or the pres-
ence of an amorphous phase. A
value of about 7�1 nm for the
central hole diameter has been
determined. A graphical repre-
sentation of the ™cylinder in
cylinder∫ morphology is shown
in Figure 5(bottom).

AFM image of the tubular
chrysotile nanocrystals is re-
ported in Figure 6a. The mean
outer diameter of the tubular
chrysotile crystals has been val-
uated by using the height pro-
file from the AFM image analy-
sis, as shown in Figure 6b. The

measured average values are 21�1 nm, 35�1 nm, and 49�
1 nm for concentrically arranged tubes, one, two, and three,
respectively. These values have been confirmed by measur-
ing the nanocrystals in the TEM images.

The average value of the tube wall thickness is about
7 nm; this was determined by measurements of the nano-

Table 2. Atomic coordinates for Mg3Si2O5(OH)4 nanocrystals.

Atom type x/a y/b z/c Occupancy Uiso[ä
2]

Mg 0.8852(6) 0.1980(4) 0.2303(4) 1.00 0.007(6)
Mg 0.3747(7) 0.3771(7) 0.2327(5) 1.00 0.007(6)
Mg 0.8818(8) 0.5235(7) 0.2204(7) 1.00 0.007(6)
Si 0.0257(5) 0.3641(8) 0.0410(5) 1.00 0.018(8)
Si 0.5208(5) 0.5335(9) 0.0400(2) 1.00 0.018(8)
O 0.0726(8) 0.1978(5) 0.0000(4) 1.00 0.013(9)
O 0.2387(9) 0.4750(9) 0.0023(3) 1.00 0.013(9)
O 0.7395(9) 0.4214(7) 0.0063(7) 1.00 0.013(9)
O 0.0438(8) 0.3596(7) 0.1560(9) 1.00 0.013(9)
O 0.532(1) 0.537(1) 0.155(1) 1.00 0.013(9)
O(OH) 0.7299(9) 0.363(2) 0.2878(6) 1.00 0.013(9)
O(OH) 0.2395(7) 0.197(1) 0.2791(9) 1.00 0.013(9)
O(OH) 0.5334(8) 0.2053(9) 0.1807(8) 1.00 0.013(9)
O(OH) 0.2025(9) 0.5416(9) 0.296(1) 1.00 0.013(9)

Figure 4. Synthetic chrysotile nanocrystals. a) SEM images: scale bar=
10 mm, b) scale bar=1 mm, and c) TEM images: scale bar=2 mm, d) scale
bar=500 nm.

Figure 5. Top: TEM image of a single tubular chrysotile nanocrystal and
bottom: graphical representation of the crystal with dimensioning (nm).
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crystals in the TEM images and of the AFM height profile,
as reported in Figure 6c. The wall thickness of 7 nm of each
tube is constant, independent from the fact that the nano-
crystal is constituted by one, two, or three concentric tubes.
The wall thickness value suggests the presence of about ten
OT layers concentrically arranged in every cylindrical unit,
in agreement with the layer thickness of 0.73 nm observed
in electron diffractions patterns and micrographs by Yada.[12]

The value obtained by the crystal structure analysis corre-
sponds to half of the c parameter of the unit cell.[15]

Conclusion

Chrysotile nanocrystals have been synthesized under con-
trolled hydrothermal conditions by reacting MCM41 meso-
porous silica with MgCl2 in alkaline solution. The synthetic
crystals display the characteristic X-ray diffraction pattern
of chrysotile as a unique crystalline phase. Stoichiometry
has been determined by ICP analysis. The high purity of the
synthesized sample was confirmed by microcalorimetric and
spectroscopic analysis: DTA and TGA curves, and FTIR
and Raman spectra do not show any of the additional
peaks/bands usually assigned to impurities associated with
mineral chrysotile. The X-ray powder diffraction analysis al-
lowed us to improve the structural model proposed earlier
for a mineral sample.[45] The search for the best space group
indicates a Cc space group with c=1.469 nm, which corre-
sponds to an OT layer thickness of 0.734 nm.

TEM and AFM observations revealed that single nano-
crystals have a constant hollow cylindrical morphology.
Each nanocrystal is constituted of up to three concentrically
arranged tubes and shows an inner channel of about 7 nm in
diameter. The tube wall is always formed by about ten con-
centric octahedra±tetrahedra layers, and it is about 7 nm
thick. The nanocrystals tend to aggregate forming fibers. A
model based on a ™cylinder in cylinder∫ structural motive
has been proposed to explain the different diameter of the
nanotubes.

The absence of any poisoning with foreign ions, especially
those considered being responsible for asbestos toxicity, sug-
gests that synthetic chrysotile nanocrystals can be used as a
possible standard reference sample to investigate chemico-
physical properties and interactions with biological systems
of mineral chrysotile. Relating the availability of stoichio-

metric chrysotile nanocrystals with constant morphology
and structure allows us to consider the nanotubes as possible
starting materials to prepare either quantum wires with opti-
cal-electron properties or fibrous materials for innovative
applications.

Experimental Section

Materials : All chemicals used were reagent grade. Mesoporous silica
MCM41 was prepared by using a sol±gel process according to the
method reported by Kresge et al.[45] Tetraethyl orthosilicate (TEOS) was
hydrolyzed at an ambient temperature in an aqueous acidic solution by
using CTAB as a template. The product was filtrated and washed with
water, dried at room temperature, and calcined at 600 8C for 5 h.

Chrysotile synthesis : The synthetic procedure is a modification of the
method reported by Noll et al.[24] The hydrothermal synthesis was carried
out in a Parr 4564 reactor equipped with a vessel (160 cm3). For the prep-
aration of nanochrysotile crystals, a gel mixture of MCM41 and MgCl2 in
aqueous solution with a Si/Mg molar ratio in the range of 0.6±0.7 was
prepared. Its pH was raised to a range of 12±13 by adding aqueous
NaOH solution. The final volume was 70 cm3, and the final concentra-
tions were 10mm MgCl2 and 0.4m NaOH. The hydrothermal treatment
was carried out at a temperature of 300 8C on the saturated vapor pres-
sure curve (82 atm) with a run duration ranging from 8 h to 3 days. The
precipitate removed from the solution was repeatedly washed with deion-
ised water and dried for 3 h at 150 8C.

Inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis : The determination of the elements in the chrysotile crystalline
samples was carried out by using ICP-AES Varian Liberty Model 200 in-
strument. The samples solutions were prepared inside hermetically
sealed Teflon holders following two steps: a) HF (1 mL of 48%wt) and
HNO3 (5 mL 48%wt) were added to the sample (40 mg) and processed
into the mineralizer for 30 min applying 250 Watts (Milestone, model
MLS 1200), and b) in order to obtain the formation of the complex with
BF4

� , Li2B4O7 (20 mL of 1,8 %wt) was added to preparation a), and
processed into the mineralizer for 15 min applying 250 Watts. The sample
solutions were then diluted with double distilled water up to 100 mL.

Differential thermal analysis and thermo gravimetrical analysis (DTA-
TGA): analysis : DTA-TGA were carried out by using a Polymer Thermal
Science STA 1500 instrument. The weight of the samples were in the
range of 5±10 mg, and standard pure corundum was used as a reference.
Heating was performed in a platinum crucible under a nitrogen flow
(20 cm3min�1) at a rate of 5 8Cmin�1 up to 1200 8C. The heating rate used
is in acordance with the reported literature protocol on the DTA-TGA
investigation on chrysotile samples[46] .

X-ray diffraction analysis : The synthetic chrysotile sample for the X-ray
data collection was manually ground in an agate mortar. The powder was
mounted on a 1.5 mm thick flat Al holder by using the front loading tech-
nique, and the data collection was performed by using a Philips PW
1050/81 powder diffractometer equipped with a secondary graphite mon-
ochromator; CuKa radiation at 40 kV and 40 mA was used. The instru-

Figure 6. a) AFM image of synthetic chrysotile nanocrystals; scale bar=500 nm. Height profiles of a nanocrystal constituted by two tubes concentrically
arranged: b) perpendicular to the crystal axis and c) along crystal axis, respectively.
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ment was configured with a 18 divergence and receiving slits (0.2 mm),
respectively.

The presence of impurities was checked and excluded by a preliminary
qualitative analysis of the X-ray powder pattern. Phase identification was
possible by using the ICDD-PDF-2 database.[47] Cell determination was
performed by using the TREOR90 program.[40] The indexing procedure
and determination of the space group was possible by means of Chekcell
V.4[48] and the LeBail fit procedures in GSAS.[41]

The data set was refined with the Rietveld method by using GSAS. The
refinement was carried out according to the following features: a) the
background was successfully fitted with a Chebyshev function with nine
coefficients; b) the peak profiles were modelled by using a pseudo-Voigt
function with one Gaussian and one Lorenzian component with an aniso-
tropic broadening axis (along the b axis) by means of the stacking fault
model described in GSAS; c) the lattice constants, the phase fractions,
and the coefficients corresponding to the sample displacement and asym-
metry were also refined. The cut-off value for the calculation of the peak
profiles in all refinements was 0.05%, and d) the atomic coordinates and
the atomic displacement parameters Uiso were also independently refined.
Soft constraints with a final weight of 100 were imposed for the Si�O
and Mg�O distances, and an overall isotropic atomic displacement pa-
rameter was refined for each atomic species. A refinement of the fiber
texture was accomplished by using the spherical harmonics correction im-
plemented in GSAS which significantly improved the fit of the profile
(Rp=18.0%, Rw=23.3%, c2=4.7). The final texture index by means of a
6th order harmonics correction was 2.725 with the following individual
orientation distribution coefficients: (20�2)=0.074(9), (200)=�0.503(8),
(202)=0.885(7), (40�4)=2.292(7), (40�2)=�0.493(8), (400)=0.547(9),
(60�2)=0.427(8), (600)=1.310(7), (602)=�0.944(8), (604)=�2.29(1),
(606)=0.343(8). Further details of the crystal structure investigation may
be obtained from the Fachinformationzentrum Karlsruhe, 76344 Egges-
tein-Leopoldshafen, Germany (fax +49 7247±808±666; e-mail : crysdata@
fiz-karlsruhe.de) on quoting the depository number CSD-413633.

FTIR spectroscopy: The infrared spectra were registered from 4000 to
400 cm�1 at 2 cm�1 resolution by using a Bruker IFS 66v/S spectrometer.
The sample environment atmosphere had a total pressure of 2 mbar of
air dried to an atmospheric dew point of �40 8C (pH2O �13 Pa) by means
of a Balston 76-01 Membrane Air Dryer. Aperture 8 mm, 16 scans, veloc-
ity 10 kHz, detector DLATGS, apodization function 3-term Blackman-
Harris. Pellets (KBr) were obtained under vacuum by using powdered
samples (3 mg) carefully mixed with infrared grade KBr (300 mg).

FT-Raman spectroscopy: The FT-Raman spectroscopic analyses were
performed by using a Perkin±Elmer System 2000 FT spectrometer equip-
ped with a Raman accessory, which composed of a Spectron Laser
System SL 301 Nd:YAG laser operating a wavelength of 1064 nm. The
spectrum of each sample was recorded in triplicate by accumulating
300 scans at 4 cm�1 resolution between 400 and 4000 cm�1.

Microscopic investigations: SEM observations were carried out by using
a Philips XL-20 scanning electron microscope. The dried chrysotile sam-
ples were glued by carbon tape on an aluminum stub and were gold
coated.

TEM observations were carried out on samples sonicated for short time
in order to slip the aggregates without any additional treatment. A water
drop of the chrysotile suspension was transferred onto holey carbon foils
supported on conventional copper microgrids. A Philips CM 100 trans-
mission electron microscope operating at 80 kV was used.

AFM observations were carried out on diluted water suspensions of
chrysotile adsorbed on freshly cleaved mica at room temperature for
10 min. The mica surface was then thoroughly rinsed with double distilled
water and dried under nitrogen flow. A Nanoscope III Multimode (Digi-
tal Instruments, Santa Barbara, CA) was used. The samples were imaged
in contact mode by using a J scanner and silicon nitride tips (200 mm long
with nominal spring constant 0.06 Nm�1). The images were flattened off
line by using the digital instrument software program in order to high-
light specific features.
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