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The structural evolution of a 2D hexagonal mesoporous silica powder during nitrogen
adsorption at low temperature is followed by X-ray diffraction. The values for the pore radius
and wall microporosity obtained with this technique compare well to the estimations drawn
from volumetric measurements. It is further shown that capillary condensation is not
accompanied by material shrinkage; on the contrary, a slight increase in the unit cell
parameter is observed. A comparison of the diffracted intensity before gas adsorption and
after capillary condensation allows the silica skeleton density to be estimated precisely. In
the intermediate situation, intensity calculations are performed in the frame of a conventional
model of a nitrogen film condensed on the mesopore walls; estimates of the film thickness
are in good agreement with predictions. It is further possible to separate the evolution of
the nitrogen content of the micro- and mesopores.
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Introduction

Ordered mesoporous silicates can be synthesized
using the templating effect of lyotropic mesophases
formed by the self-assembly of surfactant molecules.?
The 2D hexagonal type, labeled MCM41, is prepared
by hydrothermal synthesis under basic conditions using
cationic surfactants. It consists of hexagonally closed-
packed cylindrical pores separated by silica walls. Sol—
gel-derived thin layers®~® and powders® exhibiting a
similar 2D hexagonal structure can also be obtained at
room temperature and atmospheric pressure under
neutral or preferably acidic conditions. Much work has
been devoted to these materials, in particular for the
precise characterization of their pore sizes from nitrogen
adsorption—desorption measurements at 77.4 K.7:8

Scherer et al. showed previously that, in the case of
highly porous silica aerogels (porosity ~ 80—90%, pore
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volume ~ 2—4 cm?3/g), the stresses associated with the
capillary condensation of nitrogen in the pores can
induce an important and partially irreversible contrac-
tion of the porous material.®~! It seems important to
consider what happens during nitrogen capillary con-
densation in 2D hexagonal mesoporous silica (porosity
~ 60—70%, pore volume ~ 0.6—1.1 cm?3/g).

X-ray scattering is a powerful tool for characterizing
the structure and texture of 2D hexagonal mesoporous
silica.12714 If coupled with nitrogen adsorption, it should
be a well-adapted method for following the dimensional
variations of this ordered porous material from the
evolution of its cell parameter. Moreover, because of the
variation of the electron density, isotherm curves giving
the evolution of the diffracted intensity as a function of
the nitrogen relative pressure can be obtained, which
can be used to investigate the porosity and to determine
the size of the cylindrical pores.

Experimental Section
Sample Preparation. The 2D hexagonal silica powder was

prepared using synthesis conditions previously optimized.® The
silica precursor was tetraethoxysilane (TEOS, purity > 98%).
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Table 1. Equations Used for the Calculation of Adsorbed N> Film Thickness, t

parameters used

equation type no. (tin nm) comments ref
Halsey 1 s adapted to silica, 19
. 0.343 _ -5 alumina, and clays
t=al 2P In(p/ps)
In(p/ps)
1 general use 20
Harkins—Jura 2 _ 01399
) ) 0.034 — log(p/ps)
t= [—a ¢ 60.65 0,306 established from 7
b' — log(p/ps) 3 0.1 : ’ experiments on
S 0.030 71 — log(p/ps) MCM-41
= T T T T T Table 2. Porosity Characteristics as a Function of the
% oS oem@o 0 0 0 O oomaccacy t(p/ps) Equation Used®
[}
§ 04k : J average BJH pw wall porosity St Rp
£ K t(p/ps)® pore size (nm) (g-cm3) (%) (m2-g~!) (nm)
go3r fc. °_:Desorption | 1 1 2.7 1.51 32 274 1.76
3 - 2 2.7 1.48 33 286 1.73
5 020 ] 3 2.8 1.58 28 290 1.82
8 01 3b 3.4 1.72 22 382 1.93
=" acf. Table 1.PUsing a corrected Kelvin equation with an
0,0l2s L L L L additional term (+0.3 nm) for the BJH calculations.”
0,0 0.2 0,4 0,6 0,8 1,0
p/p

Figure 1. Nitrogen adsorption/desorption isotherm (T =77.4
K); the vertical scale units are grams of adsorbed nitrogen per
gram of powder.

The surfactant used to form the hexagonal mesophase was
hexadecyltrimethylammonium bromide, C16H33(CH3z)sN*,Br-.
An acidic aqueous solution (10=2 M HCI) and ethanol (purity
= 99.8%) were also used to prepare the gelling sol. The
synthesis was carried out in two steps: TEOS, ethanol, and
acidic water were first mixed in the molar ratio 1:6.75:8.2. The
surfactant was then added at a molar ratio of surfactant to
TEOS equal to 0.14. To obtain the final hexagonal powder,
the gelling solution was poured into a wide beaker, resulting
in a cracked thick layer after drying. The sample was first
dried at room temperature for 12 h and then dried for 2 h at
each 100, 150, and 175 °C in an oven. A thermal treatment to
drive off the surfactant was carried out up to 450 °C under
nitrogen. A second treatment was then applied under a flow
of air to promote the elimination of residual organics. After
calcination, the sample was ground to obtain the final powder.

Conventional Volumetric Measurements of Nitrogen
Adsorption—Desorption. The analysis was carried out using
a conventional volumetric apparatus (Micromeritics ASAP
2010). The evolution, as a function of relative pressure, of the
adsorbed nitrogen mass per gram of powder at 77.4 K is shown
in Figure 1.

From this isotherm, classical characteristics related to the
porosity of the sample were first determined. The BET specific
surface area was equal to 828 m?/g.1®> The step associated with
the capillary condensation in the cylindrical mesopores oc-
curred at a relative pressure p/ps of about 0.35, as expected
for hexadecyltrimethylammonium bromide.'® The absence of
a hysteresis loop can be explained by a pore size less than 3.6—
3.8 nm.” The average pore size was estimated using the BJH
method.!® Different equations giving the evolution as a func-
tion of p/ps of the adsorbed N film thickness, t (Table 1), were
used.”1920 The corresponding BJH pore sizes are reported in
Table 2. They range from 2.7 to 3.4 nm. The flatness of the
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isotherm at high relative pressure indicates the absence of
larger pores. The total pore volume determined from the
adsorbed mass near saturation was found to equal 0.61 cm?/
g. From this value, a porosity of 57% was calculated assuming
an amorphous silica density of 2.2 g/cm?3.2!

More information was extracted from the first part of the
isotherm curve using a previously detailed calculation method.®
Additional input data first had to be determined. The relative
pressure corresponding to the starting point of the capillary
condensation in the cylindrical mesopores, p/ps, was equal to
0.175. It was obtained from the abscissa of the minimum of
the curve before the capillary condensation peak on the
derivative of the adsorption/desorption isotherm. The hexago-
nal parameter determined by X-ray scattering at room tem-
perature, a, was equal to 5.456 nm. The output data (Table 2)
are the silica wall density pw, the surface area developed by
the cylindrical mesopores S;, and the radius of the cylindrical
mesopores Rp. The wall density, pw, ranges from 1.48 to 1.72
g-cm~3. The skeletal density of this kind of sol—gel-derived
hexagonal silica was previously determined from He pycnom-
etry measurements.? It is equal to that of dense amorphous
silica (2.2 g-cm~3). These results are in agreement with the
presence of open microporosity (pore size < 2 nm) inside the
silica walls.® Such microporosity was also recently detected in
hexagonal silica prepared under acidic conditions using other
types of surfactants.??2 The calculated microporosity of the walls
ranges from 22 to 31% as a function of the BJH method used.
The additional surface associated with the microporosity
corresponds to the difference between the BET specific surface
area (828 m?(g) and the surface area developed by the
cylindrical pores, S (274—382 m?/g, Table 2). The radius of
the cylindrical mesopores, Rp, was in the interval 1.73—1.93
nm.

Nitrogen Adsorption Coupled X-ray Scattering. The
X-ray setup consisted of a low-temperature diffractometer in
the normal-beam lifting-detector geometry where the sample
holder was rotated perpendicular to the incident beam. It was
mounted on a rotating anode generator (copper anode, A =
0.1542 nm) equipped with a doubly curved graphite mono-
chromator. The sample holder was enclosed in a thermostated
can whose internal gas pressure could be adjusted externally.
The temperature range extended from 30 to 370 K. In the
present experiments, the sample was held in a vacuum at 330
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Figure 2. (a) X-ray diffraction pattern taken at room tem-
perature; flat film geometry, sample to film distance = 730
mm. (b) Radial scan performed on the X-ray pattern in Figure
2a. In this type of scan, a point of abscissa g is obtained by
integration of the intensity on a circle of radius q; it is
characterized by a high sensitivity to weak diffraction features.

K for 1 h prior being cooled to 77.4 K. The mesoporous powder
was contained in an unsealed glass capillary and maintained
by a little cotton wadding; this precaution avoids unwanted
powder displacement during gas admission. Absorption mea-
surements require primary and transmitted intensities to be
successively measured. For this purpose, the capillary was
mounted slightly eccentrically on the sample holder so that it
could be removed from the incident beam by a 90° rotation.

Diffracted intensities were recorded with a homemade linear
detector that allows rapid line profile acquisition. It was
replaced by a silicon diode for the absorption measurements,
in which case the intensity levels were much higher. The
diffraction pattern presented in Figure 2a was recorded on an
imaging plate.

Results and Discussion

Absorption Data. The adsorption of gas into the
pores of the silica samples is accompanied by a notice-
able increase in beam attenuation; this effect must be
properly estimated to correct diffraction data. Con-
versely, it is interesting to compute the expected ab-
sorption increase using the adsorption isotherm data
and compare the expected value with the experimental
result. Indeed, the attenuation of the X-rays is given
by the relation exp(—ud), where u represents the mate-
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Figure 3. Pressure dependence of the sample X-ray absorp-
tion coefficient (T = 77.4 K); the open circles correspond to
values calculated using the adsorption isotherm data

rial linear attenuation coefficient and d is the sample
thickness.?® At any pressure, the coefficient u is given
by the relation

u= (.14/,0)Si02105io2 + (/4/P)N2PN2

where ul/p represents the mass attenuation coefficient
of the constituent considered (silica or nitrogen) and p
is the constituent’s density in the material. We thus
have

ud O 1+ [ o)/l p)sio J(on Psio,)

The ratio pn,/psio, IS equal to the mass of adsorbed
nitrogen per gram of material, my,(p), and the mass
attenuation factors are computed from the literature
data® to give

wud 01+ 0.196mN2(p)

As shown in Figure 3, the experimental data are best
adjusted with the equation

wud 01+ 0.166mN2(p)

In view of the errors involved in absorption measure-
ments, the agreement can be considered acceptable.

Cell Parameter and Correlation Length. The
diffraction pattern shown in Figure 2a was recorded at
room temperature and essentially consists of two dif-
fraction rings (see arrows); a radial scan plotted in
Figure 2b indicates that (i) the first-order line corre-
sponds to a d spacing of do = 4.715 nm and (ii) the
weaker ring cannot be attributed to a single diffraction
line. Indeed, assuming a 2D hexagonal structure, this
ring can be separated into the contributions of lines
located at dov/3 [Miller indexes (1,1) or (2,—1)] and 2d
[Miller indexes (2,0) or (2,—2)]. The hexagonal param-
eter is deduced from the relation a = do2/+/3, which
leads to a value of 5.456 nm at room temperature.

In the following discussion, lattice parameter mea-
surements were performed with a linear detector that
permits relative changes of the first-order ring diameter

(23) International Tables for Crystallography; International Union
of Crystallography: Chester, U.K., 1995; Vol. C, p 182.



3394 Chem. Mater., Vol. 14, No. 8, 2002

5,50 T T T T T T T
sas | { [+ adsomion |
5,48

5,47
5,46
5,45
5,44
543
5,42
5411 -

5,40 1 i 1 " 1 1 1 i 1 A 1 "
00 01 02 03 04 05 06 07

p/pg

Figure 4. Pressure dependence of the 2D hexagonal param-
eter (T = 77.4 K).
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Figure 5. Pressure dependence of the domain correlation
length (T = 77.4 K).

to be measured with a precision of ca. 0.1%. Upon
cooling to 77.4 K, a thermal contraction of about 0.2%
is observed to compare with nearly zero contraction in
bulk amorphous silica. The behavior of the hexagonal
parameter during gas adsorption is plotted in Figure
4. A small contraction is first observed at very low
pressure, followed by a stabilization. More surprising
is the parameter increase associated with the capillary
condensation. As previously discussed, a contraction was
expected to be associated with the capillary stresses
applied by liquid nitrogen menisci on the pore walls.?~11
No explanation is proposed for this effect whose ampli-
tude remains limited.

The line profile was also analyzed to estimate the
domain correlation length &, i.e., the distance over which
positional correlations are maintained between cylindri-
cal pores. A Lorentzian profile was found after correction
for resolution, characterized by a half-width at half-
intensity of 6q1; the correlation length associated with
this type of line broadening is & ~ 1/0q12.2* The
experimental values are plotted in Figure 5 and amount
to about twice the hexagonal parameter. This means
that important fluctuations in the pore positions occur
that lead to a rapid loss of positional order. The slight
increase of & observed during capillary condensation is
quantitatively related to the increase of the hexagonal
parameter in the same region.

Diffracted Intensity. Diffraction Equation. Before
diffraction data are discussed, some equations should
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be briefly reviewed.13 In a 2D hexagonal powder, the
diffracted intensity associated with lines of indexes (h,k)
is given by

IF (@017

2

1(@h) = KM(h,k)
G,k

where the modulus of the scattering vector Gn is

Gnk = (47/av/3Vh® + K? + hk)

F(dnk) represents the structure factor, that is, the
Fourier transform of the electron density in the unit cell.
M(h,k) and 1/gnx? are the line multiplicity and the
Lorentz factor, respectively. Absorption corrections are
included in the multiplying factor K and comprise a
sample contribution in the form exp(—ud) and the beam
attenuation due to the gaseous nitrogen present in the
can.
The evaluation of the structure factor

F@nd = [ [ ooy 0°(F) eXP(iGcF)

is facilitated by noticing that an arbitrary constant can
be added to the electron density without changing its
value except at g = 0. If the wall electron density pjﬂa,,
is assumed to be constant, one can write

F@ni) = [ i con ©°(F) = piian) €Xxp(iGy  T) d°r

Assuming further that the pore cross section is circular,
polar coordinates can be used, leading to the expression

Fan) =7 [, [°(r) = pflai)Io(Cln ) rr

where Rp represents the pore radius and Jp is the Bessel
function of order 0. Alternatively, the mathematical
relation (d/dz)[zJ1(z)] = zJo(z) can be used to derive the
equation

T R dp®(r)
Fand = =5 o M) g

dr Q)

where J; is the Bessel function of order 1.25 This last
expression clearly exposes the role of variations in the
electron density in the diffraction process.
Experimental Results. The behavior of the first-order
peak intensity was precisely evaluated during an ad-
sorption/desorption cycle and is displayed in Figure 6.
Before considering this curve in detail, it is worth
looking at the intensity behavior of the higher-order
diffraction lines. For this purpose, the weak diffraction
ring observed at higher angle in Figure 2a,b was
analyzed in terms of two lines of fixed d spacings, dov/3
and 2do. To facilitate the computation, similar widths
were attributed to the two peaks. Indeed, this parameter
was found to be larger than for the first-order peak by
a factor 1.7, which constitutes additional evidence for
positional disorder. The peak intensities normalized to
the first-order peak intensity are plotted in Figure 7a

(24) Langford, J. I.; Louér, D.; Scardi, P. J. Appl. Cryst. 2000, 33,
964. Langford, J. I.; J. Appl. Cryst. 1978, 11, 10.

(25) Watson, G. N. Theory of Bessel Functions; Cambridge Univer-
sity Press: Cambridge, U.K., 1958.
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Figure 6. Pressure dependence of the first-order line intensity

(o = AnfaN/3T = 77.4 K). The data are corrected for
absorption effects.
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Figure 7. (a,b) Pressure dependence of the ratio of the
intensity of the higher-angle diffraction lines (q:1 = 4x/a and

O20 = 8n/a\/§) to the intensity of the first-order line (g0 =

4zr/a«/§). Notice that similar values are found at zero pres-
sure and after capillary condensation for both diffraction lines.

and b. Two important points are noticeable: First, the
values observed before gas entrance and after capillary
condensation are very similar. In other words, the
structure factors differ only by a multiplicative factor
in both situations. Referring to eq 1, this observation
suggests that the variations in electron density can be
modeled in a similar way when the pores are empty or
filled. Second, a dramatic change in the intensity ratios
is observed just after gas admission; this indicates a
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change in the electron density repartitioning in the
intermediate situation.

Model I (One Step). This simple model is used to
describe the electronic density before adsorption and
after capillary condensation. The wall density is as-
sumed to be constant, although previous studies have
demonstrated the existence of a lower-density layer
surrounding the pores.'*26 Indeed, such structural
features essentially affect higher-order diffraction lines,
which cannot be observed in the present sample.'314 The
electron density is thus described by a single step
between mesopores and walls, and its derivative is given
by (,opore pwa,,)é(r Rp); the integral in eq 1 is readily
computed as

(ahRp)
F(qh’k) ﬂRP (ppore o pwall)%

Before absorption, the wall electron density is written
as

I
Puwan = (1 H)Ps.o2

where IT indicates the degree of microporosity and ,oSIO
is the electron density of the silica skeleton; the pore
density is zero. After capillary condensation, the densi-
ties are modified to

PSJau = H)Ps.o + HpeNIZL

and
ppore = pNZL

where p,e\}z,_ represents the electron density of liquid
nitrogen. As the lattice periodicity remains almost
constant throughout the condensation process, the factor
J1(gnkRe)/gnkRp is unchanged. The ratio of the diffracted
intensity after condensation and at zero pressure is thus
equal to (1 — pN L S,O )2 and does not depend of the
microporosity percentage the experimental value of this
ratio is 0.376. Assuming the mass density of liquid
nitrogen in the material to be similar to the bulk value
on,L = 0.807 g/lcm®, a mass density of psio, = 2.15 g/cm?3
is obtained for the skeleton of the silica walls. (Care
must be taken not to confuse density and electron
density, which are simply related by a factor involving
molar mass and atomic number.) This result is in close
agreement with data found in the literature for amor-
phous silica, ca. 2.2 g/cm3.2

The pore radius Rp can also be evaluated using the
results presented in Figure 7a,b. Indeed, the intensity
ratio between the first diffraction line and a reflection
of indexes (h,k) is given by

dioRe  J1(AnkRp)\?
J1(@;10Rp)  GnkRe

where all factors are known except for Rp. Satisfying
agreement with the experimental values is found for a
pore radius of 1.79 nm, as shown in Table 3. This value

(26) Edler, K. J.; Reynolds, A.; White, J. W. J. Phys. Chem. B 1998,
102, 3676.
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Table 3. One-Step Model: Experimental and Calculated
Intensity Ratios

intensity ratio 112/110 120/110
experimental determination 0.0041 0.021
calculation (Rp = 1.79 nm) 0.0056 0.019

falls within the interval determined from the adsorption
isotherm, 1.73—1.92 nm (Table 2). The wall microporos-
ity deduced from this estimation of the pore radius is
IT = 0.28 (which corresponds to ca. 30% of the total
adsorbed nitrogen mass).

Model Il (Two Steps). As previously explained, an
adsorbed film is expected to form at the surface of both
micro- and mesopores after gas admission. In that case,
the electron density can be modeled by two steps
corresponding to the transition between the inner part
of the mesopore and the adsorbed film on one hand and
between the adsorbed film and the waII on the other.
Its derivative is now given by (pwall - pN L)(S(r Rp) +
pN LO(r — Rp + t), where t is the thickness of the film
Ilnlng the mesopores. The density of the adsorbed film
is further assumed to be similar to the nitrogen bulk
value. Under these conditions, the structure factor is
given by the more complex equation

o AR, — 1)
F(q) - n(RP t) N L q(RP _ t)
l(qRP)

Rp (Pwau - PN D (2

This equation is of course similar to that given for model
I in the two limits of empty pores (t = 0) and completely
filled pores (t = Rp). However, the model is not valid
during capillary condensation, where a statistical dis-
tribution between completely and partially filled meso-
pores should be introduced. At any pressure, the total
amount of adsorbed gas, my,(p), is known from the
adsorption isotherm and can divided into two parts: one
corresponding to the fraction adsorbed into the meso-
pores, M{"°(p), and the other associated with the
m|cr0p0r05|ty, M °(p). The structure factor in eq 2 is
entirely determined by the knowledge of one of these
two masses by elementary algebra, assuming that the
pore radius and the wall microporosity are known. In
turn, the pressure dependences of Mmfs‘)(p) and Mm"""(p)
can be deduced from the intensity variations of the First-
order diffraction peak displayed in Figure 6; the results
are plotted in Figure 8 (the calculations were performed
with a pore radius of Rp = 1.79 nm and a wall
microporosity of IT = 0.28). As mentioned above, the
model is no longer valid during capillary condensation,
and the calculated masses must be considered as
qualitative in this range. It is first seen that Mm'c“’(p)
reaches an equilibrium value at a relatively hlgh
pressure (p/ps ~ 0.35), which indicates the presence of
large pores in the walls. At lower pressures, the two
masses display remarkably similar behaviors. The pres-
sure dependence of the film thickness t [deduced from

Mue°(p)] is plotted in Figure 9, where it is compared
Wltf’] the different equations given in Table 1. Equation
3 of the Harkins—Jura type, whose parameters were
deduced from experiments on MCM-41, accounts quite
well for the experimental data up to relative pressures
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Figure 8. Pressure dependence of the nitrogen mass (per
gram of powder) adsorbed into the micropores and into the
mesopores as deduced from model 1. The lines indicate the
asymptotic values.

2]0 . L T L T T A T T
pore radius
® cModeln  =mssseeees 1
— B = Halsay - -
E 16 ~— ; Harkins-Jura (general use) ™
5 : Harkins-Jura (from MCM-41)
L
= 1.2t -
]
[ ]
]
08} . -
™ [ i
04 % ]
0,0 i L i L i L i L i
0,0 01 0,2 0,3 0,4 0,5
p/pg

Figure 9. Pressure dependence of the nitrogen layer thick-
ness adsorbed onto the pore walls according to model I1. The
solid curves correspond to the predictions by the various
t(p/ps) equations used.

ca. 0.2. The rapid increase observed above this value
corresponds to the onset of capillary condensation where
the model is no longer valid.

Conclusions

Simple X-ray diffraction techniques are associated
with gas adsorption measurements for the study of a
2D hexagonal mesoporous silica powder. Our primary
goal was to detect possible material shrinkage induced
by capillary condensation; it is shown that, contrary to
expectations, a slight sample expansion is observed.
Furthermore, the contrast variations in electron density
due to the adsorption process lead to a drop in scattered
intensity that can be easily measured. The density of
the wall skeleton can be deduced directly from the
amplitude of this decrease. A closer analysis of the data
allows the fractions of nitrogen adsorbed into the
micropores and into the mesopores to be separated using
a very simple electron density model. The occurrence
of rather large pores in the walls is confirmed. An
estimation of the film thickness lining the pores before
capillary condensation is in good agreement with the
prediction of a specially modified Harkins—Jura equa-
tion.
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Now, it will be interesting to apply this method for
the characterization of MCM-41 samples (hydrothermal
synthesis under basic conditions) whose well-ordered
structure allows a larger number of diffraction lines to
be observed. The wall density can be estimated and
compared with that of ordered silica obtained under
acidic conditions. Using X-ray scattering and small-
angle neutron diffraction, Edler et al.1426 investigated
the wall structure of MCM-41 samples, which is highly
dependent on the synthesis conditions and on the
further thermal treatment; an estimation of the mi-
croporosity of the zones of different densities introduced
in their model could be possible. Extension to the
characterization of other ordered mesoporous oxides
prepared under various conditions is also very interest-
ing.

Some tests not presented here were performed using
argon instead of nitrogen. The markedly higher electron
density of this element in the liquid state dramatically
amplifies the changes in diffracted intensity. By choos-
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ing an appropriate gas, it is thus possible to adapt the
contrast between the walls and the condensate; this
might be useful for the study of mesoporous materials
containing heavier elements such as titanium or zirco-
nium. This point recalls the technique of contrast
variation commonly used in neutron scattering.26:27

Indeed, the results presented in this paper were
obtained using bulk powder samples. However, the
method appears very attractive for the characterization
of the porosity of ordered thin films for which the
nitrogen adsorption analysis using conventional volu-
metric method is complex.?® In that case, additional
information including the film density and thickness can
be drawn from an analysis of the reflectivity data.
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