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Abstract
Ordered mesoporous materials type MCM-41 and SBA-15 were synthesized under nonhydrothermal conditions using different molar ratio of surfactant/silica, from 0.07 to 0.27 for
MCM-41 and from 0.009 to 0.021 for SBA-15. N2 adsorption–desorption isotherms at 77 K were
used to evaluate the specific surface areas obtaining values up to 1450 and 1100 m2/g for MCM-41
and SBA-15, respectively. Scanning electron microscopy was carried out to study the morphology
of the materials. The size of primary mesopores and the pore thicknesses were assessed by a
geometrical method using X-ray diffraction and N2 adsorption data. Results of the pore size were
compared with those obtained by a recently reported method (VBS-method) and the Non-Local
Density Functional Theory model, both proposed to evaluate the pore size distribution of these
materials. It was found that under the synthesis conditions the surfactant/silica molar ratio has an
important consequence in the final characteristics of these materials.
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1 Introduction
Ordered mesoporous materials (OMM) have played a major role in modern technology because of
their chemical, biochemical and environmental applications as catalyst supports and adsorbents,
particularly in reactions involving large molecules (Xiao and Han 2004; Taguchi and Schüth 2005;
Szegedi et al. 2009). Nevertheless, mesoporous silica materials have attracted attention in the
science materials due to their morphological and textural properties, such as high specific surface
area, large pore volumes, narrow pore size distribution, wide pore dimensions and regular pore
structure (Zhao et al. 1996; Galarneau et al. 2001). As a result, silica structures and pore sizes
allow the access of large molecules and enhance catalytic activity and adsorptive capacity
compared to microporous materials (Beck et al. 1992).
MCM-41 (Zhao et al. 1996) and SBA-15 (Ravikovitch and Neimark 2001) have been the
mesoporous materials most widely studied, not only due to their high structural regularity but also
because of diverse pore sizes and wall thicknesses can be designed through the appropriate
synthesis conditions. The pore sizes of the MCM-41 and SBA-15 materials fall between 20 and
100 Å, and 20 and 300 Å, respectively (Thommes 2004). Structurally, the MCM-41 and SBA-15
materials are ordered in hexagonal arrangements of cylindrical channels (Thommes et al. 2002),
where SBA-15 exhibits intrawall micropores connecting the primary mesopores, which are the
internal part of the cylindrical channels (Galarneau et al. 2003).
Thermal stability of the mesoporous materials is strongly related to the silica wall thickness
(Galarneau et al. 2001; Cassiers et al. 2002). Thus, the design of materials with controllable wall
thickness could be an interesting alternative in the catalysis area, where high thermal conditions
are required.
MCM-41 and SBA-15 materials have been prepared using a variety of procedures under
hydrothermal, microwave or room (non-hydrothermal) conditions (Selvam et al. 2001), being the
former one the most used. These procedures are commonly carried out in presence of a surfactant,
usually alkyl-trimethyl-ammonium and non-ionic tri-block copolymer for MCM-41 and SBA-15,
respectively (Khushalani et al. 1995; Sayari et al. 1997; Zhao et al. 1998; Zhang et al. 2005).
Several studies under hydrothermal conditions have shown that the synthesis of this type of
materials depends on various factors influencing on their final properties. These factors are: silica
source (Selvam et al. 2001; Fulvio et al. 2005), surfactant chain length (Beck et al. 1992; Kruk et
al. 2003), surfactant/silica ratio (Vartuli et al. 1994; Miyazawa et al. 1998), solvent properties
(Anderson et al. 1998), swelling agent (Kim and Yang 2000), inorganic salts addition (Zhang et al.
2005; Ryoo and Jun 1997), aging time (Zhao et al. 1998; Nan et al. 2009), method of template
removal (Raman et al. 1996) and temperature of synthesis (Galarneau et al. 2003; Cassiers et al.
2002). The control of these factors results in materials of high quality and defined structure. But,
the variation of the surfactant/silica ratio has been one of the most interesting factors allowing the
design of different pore wall thickness of highly ordered mesoporous silica (Yu et al. 2001).
However, extensive studies have not been performed on the synthesis of OMM under nonhydrothermal conditions. As regards of the surfactant/silica molar ratio in the MCM-41 and SBA-
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15 synthesis, the typical values previously reported are 0.12 (Vallet-Regi et al. 2001; Baute et al.
2005) and 0.017 (Zhao et al. 1998; Kruk et al. 2000), respectively.
In this work, a synthesis of type materials MCM-41 and SBA-15 under non-hydrothermal
conditions were carried out. Tetraethyl orthosilicate (TEOS) was used as silica source for both
materials and cetyltrimethylammonium bromide (CTAB) and Pluronic P123 were used as
surfactants for MCM-41 and SBA-15 synthesis, respectively. Four samples of each type of
mesoporous material were prepared varying the surfactant/silica molar ratio, controlling,
optimizing and setting the other factors in the synthesis. The OMM were characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and nitrogen sorption measurements with
the aim of evaluating their structural, textural and morphological properties and finding a relation
among them and the variation in the surfactant/silica molar ratio.

2 Experimental

2.1 Materials
Two families of ordered mesoporous materials, MCM-41 and SBA-15, were synthesized by the
sol-gel method. Four variations in surfactant/silica molar ratio were applied to each one.
MCM-41 samples:
These materials were synthesized at room temperature and without hydrothermal treatment
according to a modification of Grün et al. procedure (Grün et al. 1999). CTAB (C16H33N(CH3)3Br
– Merck) was used as surfactant, TEOS (SiC8H20O4 - Merck) as silica source, NaOH as catalyst
and water as solvent. Molar ratios used for the preparation of the MCM-41 samples were:
xCTAB:1TEOS:0.6NaOH:100H2O where x corresponds to the molar ratio of CTAB/TEOS. The
CTAB was suspended in deionized water and then mixed with an aqueous solution of 1 M NaOH
in vigorous stirring until a transparent solution was obtained. Subsequently, TEOS was added
drop-wise to form an emulsion that was stirred for 24 h. The obtained solids were separated by
filtration, washed with abundant deionized water up to a conductivity value smaller than 10 S/cm
(conductivity of the deionized water), dried at 60 °C for 12 h and calcined at 550 °C for 6 h at a
heating rate of 1 °C/min. The x ratio was varied, obtaining four samples (M1, M2, M3 and M4)
described in Table 1.
SBA-15 samples:
These materials were obtained based on a modification to the synthesis process described by
Esparza et al. (2005). The used reagents were: the surfactant Pluronic P123 triblock copolymer,
P123 (EO20-PO70-EO20 – Aldrich), TEOS and HCl. The molar ratios used for the preparation of the
SBA-15 were: yP123:1TEOS:6HCl:140H2O, where y corresponds to the molar ratio of
P123/TEOS. P123 was dissolved in an aqueous solution of 2 M HCl (pH=1) and kept under
stirring at 40 °C for 2 h. The required quantity of TEOS was added drop-wise and kept under
vigorous stirring for 4 h at the same temperature. Afterwards, the reaction mixture was aged for 20
h at 40 °C without stirring. Subsequently, the temperature was raised to 80 °C and maintained at
this value for 48 h. The solids were filtrated, washed with abundant deionized water until reaching
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a conductivity value smaller than 10 S/cm, dried at 60 °C for 12 h and calcined at 550 °C for 6 h
at 1 °C/min. The y was varied obtaining four samples (S1, S2, S3 and S4) described in Table 1.

2.2 Characterization
Measurements of N2 (99.999 %) adsorption-desorption at 77 K were carried out using a volumetric
adsorption equipment (AUTOSORB-1MP, Quantachrome Instruments). Samples were previously
degassed at 150 °C for 12 h, up to residual pressure was minor than 0.5 Pa. XRD measurements
were performed on a Rigaku D-MAX IIIC diffractometer using nickel-filtered Cu Kα radiation
from 1 to 10° of 2. SEM images were obtained on a LEO 1450VP microscope.
2.3 Calculations
The Brunauer, Emmet and Teller (BET) method (Brunauer et al. 1938) was used to estimate the
specific surface area (SBET) of the samples, using the nitrogen adsorption data in the range of
relative pressures from 0.05 to 0.12 and 0.05 to 0.2 for MCM-41 and SBA-15, respectively. The
total pore volume (VTP) was obtained by the Gurvich’s rule (Rouquerol et al. 1999) from the
isotherms at a relative pressure of 0.98. To calculate the micropore (VP) and primary mesopore
(VPMP) volumes, using the LiChrospher Si-1000 macroporous silica gel as the reference adsorbent
(Jaroniec et al. 1999), the αs-plot method was used (Sayari et al. 1997; Gregg and Sing 1984). The
volume of secondary mesopores (VSMP) was obtained from the difference between VTP and the sum
of VP and VPMP.
The pore size distribution (PSD) was obtained using the macroscopic method on the desorption
branch described by Villarroel-Rocha, Barrera and Sapag (VBS method) (Villarroel-Rocha et al.
2011). This is a method recently proposed to improve the study of PSD in OMM, based on the
BJH algorithm, with a correction term fc obtained by adjusting the experimental isotherms with a
set of simulated isotherms. The Non-Local Density Functional Theory (NLDFT) method also was
used, comparing the obtained results with VBS method. The kernel used in the NLDFT method on
the desorption branch was: “N2 at 77 K on silica, NLDFT equilibrium model” (Ravikovitch et al.
1997) for materials with cylindrical pores, in the range of pore sizes from 3.5 to 1000 Å.
On the other hand, pore sizes were also calculated using a method based in a simple geometrical
relation between the interplanar spacing, the pore volumes and the pore diameter for an infinite
array of cylindrical pores with hexagonal structure (Figure 1). The pore size (wp-XRD) for each
sample was obtained from the micropores volume (VP), the primary mesoporous volume (VPMP)
and the interplanar spacing d100, by means of the Equation 1 (Sayari et al. 1997; Kruk et al. 1999).
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where ρ is the pore wall density, which is 2.2 g/cm3 for the pore walls of amorphous silica (Marler
et al. 1996). In addition, the distance between the pore centers ( a ) and the pore wall thickness
( e ) for MCM-41 and SBA-15 were obtained with the same geometrical method by means of the
Equations 2 and 3.
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X-ray diffractions were not carried out to small angle (below 1° in 2ϴ) and the peak corresponding
to the reflection 100 of the mesoporous materials SBA-15 could not be observed (See Figure 2).
However, with the knowledge that this kind of materials present a hexagonal structure P6mm
(Selvam et al. 2001; Zhao et al. 1998), the reflection 200 could be used to estimate the interplanar
space d100, being d100 = 2·d200, which is schematically shown in Figure 1.

3 Results and discussions

X-ray diffraction patterns of MCM-41 and SBA-15 samples are displayed in Figure 2. Figure 2a
shows the MCM-41 difractograms exhibiting the characteristic (100) diffraction peak. In addition,
it is possible to observe a small signal associated to the overlapped (110) and (200) reflections,
typical for hexagonal cell array. The apparition of the reflections (110) and (200) suggests the
presence of channels in hexagonally arrangement but, the weak intensity of these interplanar
distances might indicates that this array is not very regular. But to ensure this would have to make
more accurate measurements, e.g. by using a synchrotron line. The difractograms in the Figure 2a
indicate that when the CTAB/TEOS molar ratio is increased the position of the peak (100) shifts
gradually to higher 2 angles (see Table 3), suggesting a decreasing of the mesopore size or of the
pore wall thickness or both. Figure 2b shows the patterns of the SBA-15 samples, where the (100)
reflection cannot be seen in this analysis, as it was before mentioned. Nevertheless, it is possible to
observe other peaks, (110) and (200) reflections, typical of SBA-15 type materials. These patterns
indicate that when the P123/TEOS molar ratio increases, the positions of the (110) and (200) peaks
shifts gradually to higher 2 angles. As aforementioned, the d100 peaks are obtained from the d200
peaks. Then, an increase in P123/TEOS molar ratio suggests a decrease of the mesopore sizes
or/and of the pore wall thickness, for the SBA-15 samples.
Figures 3 and 4 show the micrographs of the set of MCM-41 and SBA-15 synthesized samples,
respectively. In Figure 3 can be seen an agglomerate of particles and the raise in the particle sizes
when the CTAB/TEOS molar ratio increases. In the case of the lowest molar ratio (Figure 3a),
small particles that resemble spheres and are linked together are observed. When the amount of
surfactant is increased the individual particles shape is lost (Figures 3b, 3c and 3d).
Figure 4 shows a rod-like morphology in all samples. Similar morphologies of SBA-15 materials
were reported (Liu et al. 2004; Shen et al. 2006). In Figure 4a, is observed that all particles are
ordered in the same direction and when the P123/TEOS molar ratio increases, the particles reach
more defined shapes and uniform sizes, but losing the unique direction. The last sample, S4
(Figure 4d), shows a morphology with particles stacked among them and the loss of degree of
order. Figure 4c shows the most uniform particle sizes with dimensions ca. 0.45 μm and ca. 0.55
μm in width and length, respectively.
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Figure 5 illustrates the experimental N2 adsorption-desorption isotherms at 77 K for the materials
under study. To clarify the view of the isotherm forms, some of them were translated in vertical
direction (indicated in the corresponding Figure captions). Both kinds of materials, MCM-41 and
SBA-15, exhibit type IV isotherms according to the IUPAC classification (Sing et al. 1985), which
are typical for mesoporous materials (Kruk and Jaroniec 2001).
The isotherms for the MCM-41 materials are shown in Figure 5a. As could be observed, all
samples are reversible approximately up to 0.4 in P/P0 and at higher relative pressures show a
small hysteresis loop of the type H4, typical of materials with inter-particle pores, corresponding
to secondary mesopores (Sing et al. 1985). From the isotherms can be observed: a) high adsorption
at low relative pressures due to a strong adsorbate-adsorbent interaction; b) a step that corresponds
to the filling of primary mesopores at a P/P 0 interval between 0.1 and 0.35, where a pronounced
inflexion qualitatively indicates a defined primary mesopore size; c) a slight increase of the
amount adsorbed when P/P0 is higher than 0.4 indicating the presence of a little amount of larger
pores than primary mesopores and d) the hysteresis loops close at relative pressures near to 0.42,
showing the presence of interconnected pores. In addition, when the CTAB/TEOS molar ratio
increases, the isotherms show: i) the loss gradually of their hysteresis loops, indicating a same
mechanism in filling and emptying secondary mesopores (with N2), and ii) the interval in relative
pressures of the capillary condensation stage of the primary mesoporous not shifts, indicating that
the pore size might be the same in all samples.
The isotherms of the SBA-15 materials (Figure 5b) show hysteresis loops of the type H1, typical
of these mesoporous materials. However, the S1 sample shows a hybrid loop of hysteresis between
the types H1 and H3 (Sing et al. 1985). The isotherms of the SBA-15 samples are reversible up to
a P/P0 of 0.6, except for the S1 sample that is until a P/P0 of 0.45. For the Figure 5b can be noted:
a) the adsorption at very low pressures (P/P 0 < 0.05) is due to the filling of the micropores (or
strong interaction adsorbate-adsorbent) and the adsorption at high pressures (0.05 < P/P0 < 0.7) to
monolayer-multilayer adsorption of N2 on the walls of the mesopores; b) the capillary
condensation (adsorption branch) takes place on the primary mesopores at relative pressures
higher than 0.7 up to approximately 0.8 where the secondary mesoporous begin filling; the
pronounced inflexion indicates a definite primary mesopore size; c) the hysteresis loops in the
desorption branches show a sharp fall at a P/P0 near to 0.6, except for the S1 sample which present
an extended hysteresis closing finally at a P/P0 of 0.45, due to the presence of blocked mesopores
(Kruk and Jaroniec 2001); d) the adsorption and desorption branches in the hysteresis loops are
parallels, typical of materials with cylindrical geometries with uniform pore sizes. Additionally,
when the P123/TEOS molar ratio decreases, can be distinguished: i) the generation of constrictions
in the primary mesopores (S1 sample), as was reported (Van Der Voort et al. 2002; Grosman and
Ortega 2005); ii) a decrease in the slope of the plateau of the isotherms (P/P 0 > 0.8), indicating a
decrease of external surface area, relating with cylinders more aligned, as was seen in the SEM
analysis and iii) the position of the steps of the capillary condensation and capillary evaporation of
the primary mesoporous does not change significantly, indicating a similar primary mesopore size
in the samples.
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The s-plots of the M1 and S1 samples are shown in Figure 6. It can see that there are well-defined
regions: i) a not linear region at low svalues (low P/P0) due to adsorption in micropores; this
region is absent in the M1 sample; ii) a linear region due to the monolayer-multilayer adsorption in
mesopores, in this region the micropores are filled; iii) a region where the adsorbed amount
increases quickly due to capillary condensation in the primary mesopores; iv) a last region due to
the adsorption in secondary mesopores and on the external surface, where in the first part (linear
region) the mesopores are filled. The other samples showed a similar behavior.
In general, the volumes of micropores were evaluated using the range of s values from 0.15 to 0.6
and 0.6 to 1.0 for the MCM-41 and SBA-15, respectively. The results show the absence of
micropores in the MCM-41 samples. The volumes of primary mesopores and the external surface
areas were determined using the range of s values from 1.1 to 1.5 and 1.8 to 2.4 for the MCM-41
and SBA-15 samples, respectively. In all cases, a good linear correlation coefficient was obtained
(R2 > 0.995).
The data of the textural properties of the materials determined from the N2 adsorption isotherms at
77 K as shown in Table 2. It can be noted that when the surfactant/TEOS increases: a) the
micropores volume (VµP) in SBA-15 samples decreases, while, the MCM-41 samples not present
microporosity; b) for both materials, the primary mesopores volumes (VPMP) increases and
therefore the specific surface area (SBET), with values from 1075 to 1450 m2/g and 925 to 1110
m2/g for MCM-41 and SBA-15, respectively. Specific surface areas reported for MCM-41 (Sayari
et al. 1997; Kruk et al. 2000; Kruk et al. 1997; Lelong et al. 2008) and SBA-15 materials (Zhao et
al. 1998; Kruk et al. 2003; Van Der Voort et al. 2002; Kruk et al. 2000) synthesized under
hydrothermal conditions are lower than the obtained in this work and c) the external surface (Sext)
as well as the secondary mesoporous volume (VSMP) decreases in the case of MCM-41 materials, in
contrast to SBA-15 materials where these properties increase.
Figure 7 shows the pore size distribution (PSD) of each material evaluated by the VBS
macroscopic method. In Figure 7a, is shown a significant peak for all the MCM-41 samples,
associated to primary mesopores and a small additional peak with disappear as CTAB/TEOS
molar ratio increases. Could be noted that the primary mesopore size not vary considerably, with
values between 3.4 to 3.6 nm. The second peak is related to the interconnected secondary
mesoporous. In Figure 7b, can be observed a defined pore size for each SBA-15 sample related to
the primary mesopore size, with values between 7.8 and 8.2 nm. The PSD of S1 sample presents
an additional peak corresponding to the blocked primary mesoporous.
In the Table 3 are shown the data obtained by using equations 1, 2 and 3 and the size of primary
mesopores calculated by using the VBS method and NLDFT model. The pore sizes obtained by
the VBS method were in agreement with those found by the NLDFT model and both are different
with the data obtained from Equation 1 (wp-XRD). This difference may be attributed to several
causes in the application of the geometrical method, e.g. i) a perfect hexagonal arrangement for the
primary mesoporous is assumed ii) a constant density value is used in all of type of materials.
Nevertheless, regards to the study of variation in the surfactant/TEOS molar ratio, the three
evaluation ways of the pore size used herein are consistent.
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From the data showed in the Table 3 is important to remark that the increase of surfactant/TEOS
molar ratios for both types of materials produces a decrease in the thickness of the pore walls but
not a change in the pore sizes. This behavior could be according with the fact that to the pore size
is defined by the micelle size, which varies depending on carbon chain length of surfactant. In the
synthesis, the surfactant chain length was the same for each material type (CTAB and P123 for
MCM-41 and SBA-15, respectively), only the quantity of surfactant was increased without a
variation in the incorporated silica. The same quantity of the silica should be distributed in an
increased quantity of micelles, generating an increased quantity of cylinders with a decreasing wall
thickness. In Figure 8 is presented a schematic representation of these results showing the increase
of the number of cylinder with the same pore size and a decrease in the wall thickness when the
surfactant/TEOS molar ratio increase.

4 Conclusions
MCM-41 and SBA-15 ordered mesoporous materials of high quality were obtained with different
surfactant/silica molar ratios (S/S) under non-hydrotermal conditions. The structural characteristics
of all the samples carried out by XRD analysis revealed that an increase in the S/S produces a
decreasing in their interplanar distance, associated to a reduction in the size of the cylinders in
transversal direction.
Regarding to the SEM analysis, the MCM-41 sample with the lowest S/S presents small spherical
particles linked together. An increase in their sizes and the loss of the initial geometry was
observed when the S/S was increased. The SBA-15 samples show a rod-like geometry for all the
set. The sample with the lowest S/S displayed a directional order that is lost when the S/S is
increased. These materials, MCM-41 and SBA-15, show a disorder in their morphology as the S/S
is increased.
A deeper analysis of the textural characteristics of these samples was accomplished by adsorptiondesorption of nitrogen a 77 K, obtaining important conclusions:
The specific surface areas obtained for the samples MCM-41 and SBA-15 under non-hydrothermal
synthesis were higher than reported in similar materials synthesized by other methods.
MCM-41 samples, as known, do not show the presence of micropores and the micropores volume
of SBA-15 samples decreases when the S/S is increased.
MCM-41 samples with the lowest S/S showed a small hysteresis loop which is lost when the S/S
was increased. SBA-15 sample with the lowest S/S presented blocked mesopores.
The use of the VBS method for evaluating the PSD of the samples provided a specific analysis of
their pore sizes. The data obtained by using this method were compared to those of the NLDFT
method, certifying the use of the VBS method for mesoporous materials.
Finally, an increase in the S/S produced samples with a higher quantity of cylindrical pores and
similar primary mesopore size but, with less silica wall thickness.
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Figure captions
Figure 1. Scheme of the geometrical structure of cylindrical pores in OMM
Figure 2. X-ray diffraction patterns of a) MCM-41 and b) SBA-15 materials
Figure 3. SEM images of MCM-41 materials for the samples: a) M1, b) M2, c) M3 and d) M4
Figure 4. SEM images of SBA-15 materials for the samples: a) S1, b) S2, c) S3 and d) S4
Figure 5. N2 adsorption-desorption experimental isotherms at 77 K for: a) MCM-41 and b) SBA15 materials. The adsorbed amounts for M3, M4, S2, S3 and S4 were incremented by 50, 75, 200,
400 and 600 cm3/g, respectively. The isotherms are plotted from down to up with the increase of
surfactant/silica molar ratio
Figure 6. αs-plot for MCM-41 and SBA-15 materials: a) M1 and b) S1 sample
Figure 7. Pore size distribution for MCM-41 and SBA-15 materials using VBS method. The PSD
are plotted from down to up with the increase of surfactant/silica molar ratio
Figure 8. Schematic representation of the effect of the surfactant/TEOS molar ratio in the final
characteristics of MCM-41 and SBA-15 materials
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Table captions
Table 1. Surfactant/TEOS molar ratios in the synthesis of the MCM-41 and SBA-15 samples
Table 2. Textural properties of the MCM-41 and SBA-15 samples
Table 3. Size and thickness of primary mesopores of the MCM-41 and SBA-15 samples by XRD
and N2 adsorption-desorption analysis
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Table 1

OMM

Sample

Molar ratio
CTAB/TEOS

MCM-41

M1

0.07

M2

0.12

M3

0.17

M4

0.27
P123/TEOS

SBA-15

S1

0.009

S2

0.013

S3

0.017

S4

0.021
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Table 2
s-plot

a

Samples

SBET
[m2/g]

VµP
[cm3/g]

VPMP
[cm3/g]

Sext
[m2/g]

VSMP
[cm3/g]

VTP
[cm3/g]

M1

1075

0

0.57

180

0.18

0.75

M2

1290

0

0.71

160

0.15

0.86

M3

1340

0

0.76

130

0.11

0.87

M4

1450

0

0.85

60

0.07

0.92

S1

925

0.12

0.72 (0.07) a

30

0.05

0.89

S2

975

0.11

0.76

100

0.15

1.02

S3

1005

0.08

0.96

90

0.13

1.17

S4

1110

0.05

1.01

170

0.26

1.32

blocked mesopore volume
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Table 3
VBS method
Sample

d100 [nm]

wp-XRD
[nm]

M1

3.3

3.0

3.8

0.82

M2

3.1

3.0

3.6

M3

2.9

2.8

M4

2.8

S1

NLDFT

wp
[nm]

wp
[nm]

0.56

3.6

3.2

0.65

0.56

3.5

3.2

3.4

0.58

0.62

3.5

3.2

2.8

3.3

0.50

0.50

3.4

3.2

10.6 (5.3)*

9.5

12.2

2.7

0.88

8.2

8.1

S2

9.6 (4.8)*

8.8

11.1

2.3

0.78

7.8

7.6

S3

9.5 (4.8)*

9.3

11.0

1.8

0.79

8.5

8.5

S4

9.4 (4.7)*

9.3

10.8

1.6

0.64

7.9

8.1

a [nm] e [nm] fc [nm]

* correspond to d200
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