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MCM-41 and SBA-15 silicas were studied by29Si solid-state NMR and15N NMR in the presence of15N-
pyridine with the aim to formulate generic structural parameters that may be used as a checklist for atomic-
scale structural models of this class of ordered mesoporous materials. High-quality MCM-41 silica constitutes
quasi-ideal arrays of uniform-size pores with thin pore walls, while SBA-15 silica has thicker pore walls with
framework and surface defects. The numbers of silanol (Q3) and silicate (Q4) groups were found to be in the
ratio of about 1:3 for MCM-41 and about 1:4 for our SBA-15 materials. Combined with the earlier finding
that the density of surface silanol groups is about three per nm2 in MCM-41 (Shenderovich, et al.J. Phys.
Chem. B2003, 107, 11924) this allows us to discriminate between different atomic-scale models of these
materials. Neither tridymite nor edingtonite meet both of these requirements. On the basis of the hexagonal
pore shape model, the experimental Q3:Q4 ratio yields a wall thickness of about 0.95 nm for MCM-41 silica,
corresponding to the width of ca. four silica tetrahedra. The arrangement of Q3 groups at the silica surfaces
was analyzed using postsynthesis surface functionalization. It was found that the number of covalent bonds
to the surface formed by the functional reagents is affected by the surface morphology. It is concluded that
for high-quality MCM-41 silicas the distance between neighboring surface silanol groups is greater than
0.5 nm. As a result, di- and tripodical reagents like (CH3)2Si(OH)2 and CH3Si(OH)3 can form only one covalent
bond to the surface. The residual hydroxyl groups of surface-bonded functional reagents either remain free
or interact with other reagent molecules. Accordingly, the number of surface silanol groups at a given MCM-
41 or SBA-15 silica may not decrease but increase after treatment with CH3Si(OH)3 reagent. On the other
hand, nearly all surface silanol groups could be functionalized when HN(Si(CH3)3)2 was used.

Introduction

In recent years, novel porous materials that are periodically
structured on the mesoscopic length scale were synthesized.1-3

These periodic mesoporous materials opened up intriguing new
application possibilities in catalysis,4 drug delivery, size selective
molecular separation,5 and other fields, which in turn have
triggered several studies of the dynamics of guest molecules in
these materials.6

One of the intriguing questions concerning periodic meso-
porous silica materials is the atomic-scale structure of their pore
walls. At a mesoscopic level, the structure of these materials
has been studied extensively by X-ray and neutron diffraction,
as well as transmission and scanning electron microscopy.7-12

MCM-41 and SBA-15 types of mesoporous silicas (space group
P6mm) constitute a two-dimensionally (2D) ordered array of
pores of uniform size disposed parallel to each other and
separated by thin walls. These materials have a pore diameter

in the range from 2 nm to more than 10 nm and a wall thickness
of typically 25-50% of the pore diameter.9 The concentration
of silanol groups at the surface of the pore walls was found to
be about 2.9 nm-2 for MCM-41 and 3.7 nm-2 for SBA-15
silicas.13,14The porosity of SBA-15 silica was characterized by
129Xe NMR spectroscopy.15 However, more detailed information
about the structure of the pore walls and inner surfaces of these
materials is lacking. These details are not only of academic
interest but also of importance for applications of these materials
as catalysts and host materials.

Current progress in material structure modeling is not
sufficient to produce a representative atomic-scale structure of
periodic mesoporous silica materials. One of the obstacles is
that one does not have a reliable initial guess structure.
Crystalline structures (â-tridymite,â-cristobalite, or edingtonite)
do not satisfy the condition for the surface silanol densities.13-19

More flexible molecular dynamics simulations are typically
constrained to a total simulation time of nanoseconds. As a
result, they do not provide sufficient time for the initial guess
structure to relax to the energetically most favorable structure.
Further progress in the modeling of these amorphous silica
structures depends on more detailed information about the
distribution of the silanol groups at the inner surfaces and the
wall structure.
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Recently, some of the present authors developed an experi-
mental procedure to examine the roughness of the inner surfaces
of porous silica and the accessibility of the silanol groups to
guests and to quantify the density of these silanol groups.13 This
procedure was based on a specific dependence of the15N
chemical shift of hydrogen-bonded pyridines on the length of
the corresponding N‚‚‚H distance.20 The most important conclu-
sion to be drawn from that study was that the inner surfaces of
high-quality MCM-41 samples were smooth on an atomic scale,
while the surfaces of SBA-15 silica were rough, as depicted
schematically in Figure 1. A 2D structure model of the inner
surface of MCM-41 was proposed on the basis of the simplifying
assumption that the chemical structure may be simulated using
low-molecular-weight fragments derived from the unit cell of
tridymite. In this way it was possible to construct an idealized
silica surface having about three silanol groups per nm2, in
agreement with the experimental value for MCM-41 silica. The
rough surface of SBA-15 pore walls could be simulated by
decorating this idealized surface with additional single tridymite
fragments as “surface defects”, which leads to a higher density
of the surface silanol groups, as observed experimentally (see
Figure 1). Irrespective of whether the proposed structural motifs
can serve as starting structures for more detailed simulations,
they help to formulate a check list of criteria that have to be
met by any realistic model: (i) the surface density of silanol
groups; (ii) the distribution of these groups (uniform or
nonuniform); and (iii) the relative amounts of different silicon
species in the material, expressed by the ratio Q2:Q3:Q4. For
MCM-41, the surface density of the silanol groups (about 3
OH/nm2) was known from the earlier study.13 The structural
model of Figure 1 implies a nonuniform distribution of the
silanol groups at the inner surfaces. However, this prediction
remained experimentally untested so far. Once the concentration
of surface silanol groups at the pore wall is known, the ratio of
Q3 and Q4 silica groups of “ideal” MCM-41 silica can be
estimated from the pore diameterD and lattice parametera0 of
the pore lattice (see Figure 5). Ideal MCM-41 silica does not
contain Q2 species, but these species will be present when the

surface has defects. We are not aware of any reliable published
data of the Q2:Q3:Q4 ratio for MCM-41 silica.

A motivation for the present work has been to specify a set
of criteria that must be met by realistic structural models of
MCM-41 type materials. For this purpose, two types of
measurements were necessary: (i) determination of the Q2:Q3

and Q3:Q4 ratio for MCM-41 and SBA-15 silica and (ii) study
of the arrangement of Q3 silicon via postsynthesis surface
functionalization. As a prerequisite for point i, it was necessary
to define experimental conditions for the29Si NMR measure-
ments at which the integrated intensities of the Q3 and Q4 silicon
signals can be compared in a quantitative manner. For point ii,
surfaces of the silica samples were functionalized using reagents
having one, two, or three reactive groups. For each reagent, the
ratio of the numbers of single-, double-, and triple surface-bound
species was obtained. This ratio provides qualitative information
about the arrangement of the surface silanol groups. Finally, a
list of general criteria suitable to select a model of mesoporous
silica was specified and the previously proposed models were
tested.

Experimental Section

Materials. The SBA-15 samples were prepared according
to the prescription of Zhao et al.21 employing a technical-grade
PEO-PPO-PEO triblock copolymer (Pluronic P123, BASF
Corp., Mount Olive, NJ) as the templating agent. A 4 wt %
aqueous solution of P123 was treated with aqueous H2SO4 to
reach a pH of ca. 1.5. Tetraethoxysilane (TEOS) was added to
this solution with stirring at 40°C. The precipitated product
was kept in the reaction solution at 35°C for 24 h and then at
100 °C for another 24 h. After rinsing with pure water and
drying at 105°C, the powder was heated to 180°C in air for
4 h, to remove most of the polymer template, and finally
calcinated at 550°C under air flow.

The MCM-41 samples were synthesized following the
procedure of Gru¨n et al.22 in aqueous ammonia solutions, using
C10- and C16-trimethylammonium bromide as template mol-
ecules and again TEOS as the silica precursor. The precipitated

Figure 1. Atomic-scale models of the pore wall of MCM-41 (left) and SBA-15 (right) silica constructed using fragments derived from the unit cell
of tridymite. The models exhibit experimental features of the respective silica.
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products were heat-treated, dried, and calcinated in a similar
way as the SBA-15. Details of the synthesis are given
elsewhere.23

The porosity and pore structure of the silica materials were
characterized by nitrogen adsorption and small-angle XRD.
Results for the samplesM1, M2, S1, andS2 are summarized
in Table 1. The values of the cumulative specific surface area
(aBET) and the cumulative pore volume (Vp) were obtained from
the flat plateau region of the isotherm above pore condensation,
using the DFT pore size analysis method.24 The pore diameter
(D) was derived from the pore condensation pressure [(p/p0)pc]
by the improved Kruk-Jaroniec-Sayari relation.25 For ideal
cylindrical pores, the pore diameter is given by the hydraulic
diameterDhydr ) 4Vp/aBET. Table 1 shows thatD ≈ Dhydr holds
true for the two MCM-41 materials but not for the SBA-15
materials, indicating that SBA-15 has a more complex pore
structure than MCM-41. The lattice parameter of the 2D
hexagonal pore lattice was calculated from the position of the
(10) Bragg reflection asa0 ) 4π/(x3q10). Experimental details
are given elsewhere.23

NMR Measurements.All 15N and29Si NMR measurements
were performed on a Bruker MSL-300 instrument, operating
at 7 T, equipped with a Chemagnetics-Varian variable-temper-
ature 6 mm pencil CPMAS probe. The29Si spectra were
recorded by employing aπ/12 pulse-sequence under magic angle
spinning (MAS, 6000 Hz) conditions and the{1H}-29Si
CPMAS experiment using a relatively long cross polarization
(CP) contact time of 8 ms. This long CP time ensures sufficient
polarization transfer to all different species of silica, i.e., Q2,
Q3, and Q4. The 29Si chemical shifts are referenced to liquid
TMS. The low-temperature15N MAS measurements at 120 K
were performed by employing the{1H}-15N CPMAS technique
with a cross-polarization contact time of 5 ms. All15N chemical
shift values are referenced to solid15NH4Cl. In this scale,
pyridine resonates at 275 ppm and the protonated pyridinium
below 170 ppm.20,26 Typical 90°-pulse length was 3.5µs for
1H, 4.5 µs for 15N, and 12µs for 29Si.

Sample Preparation.Modification of SBA-15 with Hexam-
ethyldisilazane (HN(Si(CH3)3)2, HMDS) and Dichlorodimeth-
ylsilane ((CH3)2SiCl2, DCDMS).Both modifications were carried
out by gas-phase reaction. SBA-15 (1.0 g) was put in a small
flask, which was placed unsealed in the glass flask of the
equipment. At 120°C it was then evacuated for several hours
to a pressure of 10-2 mbar to remove adsorbed water from the
pores. Afterward, the corresponding reagent (hexamethyldisi-
lazane or dichlorodimethylsilane, both from Fluka Co.) was
dropped into the reaction chamber, where it condensed in the
mesopores of the silica material. In case of HMDS, the flask
was kept for 1 day at room temperature; in case of DCDMS, it
was kept for 1 day at 100°C. After that, the reagent that has
not reacted was exhausted at 120°C and 10-2 mbar via N2-
cryotrap.

Hydrolysis and Condensation of Pure Dimethyldimethoxysi-
lane ((CH3)2Si(OCH3)2, DMDMS) and Methyltrimethoxysilane
((CH3)Si(OCH3)3, MTMS). The reaction was performed by
using an excess of two molecules of water per methoxy group
under acidic conditions. The mixing ratios were 2.0 mL of
DMDMS (14.6 mmol) with 1.0 mL (58.4 mmol) of 0.1 M HCl
aqueous solution, and 2.0 mL of MTMS (14.1 mmol) with 1.5
mL (84.6 mmol) of 0.1 M HCl aqueous solution. After 2 days
of stirring at room temperature, the condensation of the
DMDMS mixture resulted in a clear, slightly viscous liquid and,
in case of the MTMS mixture, in a cloudy gel-like substance.

Modification of MCM-41 and SBA-15 with Dimethyldimethox-
ysilane ((CH3)2Si(OCH3)2, DMDMS) and Methyltrimethoxysi-
lane ((CH3)Si(OCH3)3, MTMS).MCM-41 and SBA-15 (0.5 g
each) were each suspended in dry toluene in N2-atmosphere.
Then the reagents DMDMS or MTMS (from Sigma Aldrich
Co.) were added in excess under stirring slowly through a
dropping funnel in the suspension flask. The mixture was then
heated to 80°C under reflux for 24 h. After the reaction the
solid material was vacuum-filtrated and washed with 25 mL of
each toluene and chloroform. Afterward, the solid was dried in
a drying closet at 80°C.

Results

In this section, we report the results of our solid-state NMR
measurements. The samples were characterized by two types
of experiments: (i)29Si MAS NMR of original silicas to obtain
the Q3:Q4 ratio and (ii) 29Si CPMAS NMR of functionalized
silicas to inspect the arrangement of the surface silanol groups.
We recall that the direct29Si NMR is extremely time-consuming,
due to quite a longT1 relaxation time. This problem can be
overcome by employing a conventional29Si NMR CP technique.
However, in general, the relative signal intensities in the latter
case depend in a complicated way on the dipolar29Si-1H
couplings. Nevertheless, when the contact time is sufficiently
long, the relative signal intensities can be compared for
chemically similar species, giving an approximate ratio only.

Description and properties of silica materials used in this work
are given in Tables 1 and 2.

29Si MAS NMR Measurements of Original Silicas. The
typical experimental spectra obtained for mesoporous silicas are
presented in Figure 2. Four silica samples, two of MCM-41
type (M1, M2) and two of SBA-15 type (S1, S2), were analyzed
in this work (see Table 1). The relative signal intensities obtained
by signal deconvolution are listed in Table 3. Since both Q2

and Q3 species are carrying hydroxyl groups, their relative
amounts can be estimated from the corresponding29Si CPMAS
NMR spectra. MCM-41 silica samples contained much less Q2

species as compared to SBA-15 ones. However, in all cases

TABLE 1: Characterization of the Silica Materials by
Nitrogen Adsorption (77 K) and X-ray Diffraction: Pore
Condensation Pressure, (p/p0)pc; Cumulative Specific Surface
Area, aBET; Pore Volume at the Plateau Value of Adsorption
Isotherm, Wp; Hydraulic Pore Diameter, Dhydr ) 4Wp/aBET;
Pore Diameter,D; and Unit Cell Dimension, a0

sample
silica

material (p/p0)pc

aBET,
m2 g-1

Vp,
cm3 g-1

Dhydr,
nm

D,
nm

a0,
nm

M1 MCM-41 0.133 665 0.36 2.2 2.6 3.50
M2 MCM-41 0.358 1000 0.96 3.8 3.9 4.67
S1 SBA-15 0.758 815 1.04 5.1 8.9 11.64
S2 SBA-15 0.763 725 0.82 4.5 9.0 11.81

TABLE 2: Overview and Abbreviations of the Unmodified
and Modified Samples Used in This Work

sample silica material modified with

DM DMDMSa HClc

TM MTMSb HClc

S-HMDS SBA-15 HMDSd

S-DC SBA-15 DCDMSe

M-DM MCM-41 DMDMSa

S-DM SBA-15 DMDMSa

M-TM MCM-41 MTMSb

S-TM SBA-15 MTMSb

a Dimethyldimethoxysilane, (CH3)2Si(OCH3)2. b Methyltrimethox-
ysilane, CH3Si(OCH3)3. c Hydrolyzed with an excess of 0.1 M HCl.
d Hexamethyldisilazane, HN(Si(CH3)3)2. e Dichlorodimethylsilane,
(CH3)2SiCl2.
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the Q2:Q3 ratios were small numbers, indicating that the Q2

species result from structural defects rather than constituent
structural units (see Table 3). The relative intensity of Q4 species
was strongly suppressed in these spectra by the cross-polariza-
tion procedure due to the absence of directly bonded hydroxyl
groups. This problem was solved by combining a shortπ/12
pulse with a long relaxation delay of 240 s. The suitable
relaxation delay was determined in a set of experiments by
increasing the pulse repetition time in 60 s steps at theπ/12
pulse length until the Q3:Q4 ratio became constant. For the two
MCM-41 samples, the experiments gave a Q3:Q4 ratio of about
1:3. For the two SBA-15 samples, which have wider pores and
a significantly greater wall thickness than MCM-41, the
experiments gave a Q3:Q4 ratio close to 1:4.

29Si CPMAS NMR Measurements of Functionalized Silica.
Many potential applications of ordered mesoporous silica result
from the surface silanol groups at the pore walls. The proton
donor ability of the surface hydroxyls is similar to that of acids
exhibiting a pKa of about 4 in water.13 Thus, the surface of pure
silica is slightly acidic. The chemical activity of the surface
can be selectively modified via the grafting method or templated
sol-gel technology, leading to novel hybrid materials.27-30 The
simplest way to convert the weakly acidic surface of pure silica
into a hydrophobic one is to coat it with hexamethyldisilazane

(HN(Si(CH3)3)2, HMDS). In this case, the functionalization
reagent contains the only reactive group that can interact with
the surface silanols to form the Si-O-Si covalent bond. Typical
experimental spectra obtained for the original (S1) and func-
tionalized (S-HMDS) SBA-15 silicas are presented in Figure
3. The level of the modification could be roughly estimated
from the 29Si CPMAS NMR spectrum of the functionalized
silica by analyzing the reduction of the corresponding Q3 peak
[Figure 3a,b (left)]. If needed, the same could be done
quantitatively using15N-labeled pyridine as described in detail
in an earlier paper.13 However, for the moment, it is sufficient
to note that surface modification with HMDS causes a strong
reduction of the amount of pyridine bound to the surface
hydroxyl groups via hydrogen bonds [Figure 3a,b (right)]. It
appears that HMDS causes a nearly quantitative functionaliza-
tion of the surface. In contrast, the efficiency of the function-
alization was strongly decreased when halogenated alkylsilanes,
namely dichlorodimethylsilane ((CH3)2SiCl2, DCDMS), were
used, (sampleS-DC, Figure 3c). Again, the29Si spectrum
indicated that the functionalization went at the expense of the
original Q3 species. As a result, the ratio of the Q3:Q4 intensities
for this sample was smaller than for the original silica [Figure
3a,c (left)]. In contrast, the corresponding15N spectra did not
display a reduction of the available hydroxyl groups [Figure
3a,c (right)]. This finding indicated that some of the reactive
groups of such reagents did not form covalent bonds to the
surface but were only hydrolyzed. Since the hydrolyzation is
the mandatory preliminary step of surface functionalization, we
have to conclude that not all hydrolyzed groups were able to
meet surface hydroxyl groups to form covalent bonds. This fact
has been employed to analyze the arrangement of the surface
hydroxyl groups.

In order to simplify the comparison between HMDS and
reagents having two or three reactive groups, we studied silica
samples modified by the simplest possible reagents, namely
dimethyldimethoxysilane ((CH3)2Si(OCH3)2, DMDMS) and
methyltrimethoxysilane (CH3Si(OCH3)3, MTMS). Figure 4
shows29Si NMR spectra of these reagents after hydrolysis and
condensation as well as spectra of functionalized silica materials
(samplesDM , M-DM , S-DM, andTM , M-TM , S-TM). The
spectra of the functionalized materials were obtained using the
cross-polarization transfer technique, so the relative intensities
of different peaks of the same spectrum may not precisely
coincide with the relative concentration of the corresponding
species. On the other hand, a long contact time was used and
each silicon atom carried at least one methyl group that
minimized the difference. Thus, the relative intensities of these
peaks could be mutually compared and used in order to estimate
the relative concentrations of the species. The hydrolysis of pure
DMDMS in 0.1 M HCl aqueous solution (DM ) resulted mostly
in the condensation. The residual amount of silicon atoms
carrying one hydroxyl group, D1 species, was small (Figure 4a).
In contrast, the D1:D2 ratio was close to 2 when this reagent
was used to modify MCM-41 silica (M-DM ) and about 1 for
SBA-15 silica (S-DM) (Figure 4b,c). The condensation of pure
MTMS in 0.1 M HCl aqueous solution (TM ) was less efficient.
About 20% of the silicon atoms were still carrying one hydroxyl
group, T2 species (Figure 4d). On MCM-41, only about 60%
of the reagent molecules were forming two covalent bonds to
the surface and almost no molecules were forming three bonds
(M-TM ) (Figure 4e). The T1:T2:T3 ratio on the surface of SBA-
15 was about 1:10:4 (S-TM) (Figure 4f). The resulting T1:T2:
T3 ratios are summarized in Table 4.

Figure 2. Experimental NMR spectra of ordered mesoporous silica
materials (samplesM1 and S1) and their deconvolution:29Si MAS
NMR of MCM-41 (a) and SBA-15 (c) and29Si CPMAS NMR of
MCM-41(b) and SBA-15 (d).

TABLE 3: Relative Intensities of NMR Signals
Corresponding to Different Silicon Species of the Ordered
Mesoporous Silica Samples Studied in This Work

sample
Q2:Q3

(CPMAS)
Q3:Q4

(MAS) sample
Q2:Q3

(CPMAS)
Q3:Q4

(MAS)

M1 3:100 32:100 S1 9:100 26:100
M2 1:100 35:100 S2 9:100 23:100
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Discussion

The main results of the experiments described above can be
summarized as follows.29Si MAS NMR measurements of
original silicas showed different Q3:Q4 ratios for MCM-41 and
SBA-15 silicas. Namely, this ratio was about 1:3 for MCM-41
but about 1:4 for the SBA-15 samples.29Si CPMAS NMR
measurements of functionalized silicas indicated that the number
of covalent bonds formed by guest reagents depended on the
surface roughness. The experimental data could be interpreted
as that the surface of MCM-41 did not contain neighboring
silanol groups that would be able to form covalent bonds with
the same molecule of (CH3)2Si(OH)2 or CH3Si(OH)3 type. In
contrast, such molecules could be multiply bonded to the silica
surface in the presence of surface defects, for example, on the
surface of SBA-15.

Q3:Q4 from the Unit Cell Dimensions.For MCM-41 silicas,
the number of Q3- and Q4-type entities per unit length of the
2D unit cell can be estimated from the volume of the silica
matrix (Vm) and the surface area of the pore wall (Ap) in this
unit cell if the number of silanol groups per unit area is known.
Vm is obtained from the volume of the unit cell (V ) x3a0

2/2
per unit length, wherea0 is the lattice parameter) and the
respective volume of the pore (Vp) asVm ) V - Vp. The total
number of silica entities in this volume,N, is calculated asN
) Vm/VSiO2, whereVSiO2 is the mean volume per silica entity,
VSiO2 ) MSiO2/(NAFSiO2), with MSiO2 being the molar mass,FSiO2

being the density of SiO2, andNA being the Avogadro’s number.
The number of Q3 entities (silanol groups) is given byN3 )
nSiOHAp, wherenSiOH is the surface density of silanol groups.
Finally, the number of Q4 entities is obtained asN4 ) N - N3.
For the present MCM-41 and SBA-15 materials, the ratioN3/
N4 ) Q3:Q4 was estimated from the known values of the lattice
parametera0, the pore radiusR) D/2 (Table 1), and the surface
density of silanol groups (nSiOH ) 3.0 nm-2 for MCM-41 and
nSiOH ) 3.7 nm-2 for SBA-15),13 using FSiO2 ) 2.20 g cm-3.
Two pore geometry models, viz., pores of circular and hexagonal
cross section, were tested (Figure 5). For pores of circular cross
section,Vm andAp are given by

and for pores of hexagonal cross section, one finds

whered is the wall thickness of the honeycomb structure. In
the calculations, we setd ) a0 - D, i.e., the same wall thickness
as for pores of circular cross section (Figure 5). Results of this
analysis are given in Table 5. For the two MCM-41 samples
(M1 andM2), the estimated values of Q3:Q4 are in reasonable
agreement with the experimental Q3:Q4 values. For both
samples, the Q3:Q4 ratio resulting from the circular cross section
model is somewhat lower than the experimental value, while
the Q3:Q4 ratio resulting for the hexagonal cross section model
is somewhat higher than the experimental value, implying that
the pore shape of the MCM-41 materials is intermediate between
hexagonal and circular. This finding is consistent with results
of X-ray structural modeling of a MCM-41 material similar to
our sampleM2.8 Incidentally, the above model may also be
used to calculate the thickness of the pore walls by using the
experimental Q3:Q4 value as an input. The hexagonal pore shape
model yields a wall thickness of 0.95 nm for bothM1 andM2,
i.e., somewhat greater than the values resulting from the relation
d ) a0 - D (Table 5). This wall thickness corresponds roughly
to the width of four silicate tetrahedra.31

For the SBA-15 samples (S1 and S2), the above model
strongly underestimates the experimental Q3:Q4 ratio (see Table
5), indicating that in these materials the surface area of the pore
walls is significantly greater than that of idealized model pores
of circular or hexagonal cross section. This finding is consistent
with the conclusions of the earlier NMR study,13 as well as
X-ray32-34 and neutron35 small-angle diffraction studies, which
point to the existence of a microporous corona around the
cylindrical pores (or a highly corrugated surface of the pore
walls) of SBA-15 samples. These structural features are not
taken into account in the above simple model.

Modeling of the Interpore Walls of Idealized Mesoporous
Silica. In our earlier work,13 atomic-scale models of the inner
surfaces of MCM-41 and SBA-15 silica were proposed (see
Figure 1) that conform to the experimental values of the density
of surface silanol groups. The models were compared to other
possible models based on the unit cells of tridymite36 and
edingtonite.19 Here we examine whether these models are
consistent with the experimental Q3:Q4 ratio obtained in this
work.

Figure 3. (Left) 29Si CPMAS NMR of original (sampleS1) (a) and functionalized (b, c) SBA-15 silica. (Right)15N CPMAS NMR at 130 K of
the same samples loaded with an equal amount of15N-pyridine. The functionalization reagents were (HN(Si(CH3)3)2, for sampleS-HMDS (b), and
(CH3)2SiCl2, for sampleS-DC (c). The chemical structures of the surfaces before and after functionalization are shown schematically. QR being the
surface-bound functional groups.

Vm ) (x3
2

a0
2 - πR2), Ap ) 2πR

Vm ) x3(a0 - d/2)d, Ap ) 2x3(a0 - d)
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Figure 6 shows fragments from the unit cells of (a) tridymite,
(b) edingtonite, and (c) a fictitious unit cell selectively con-
structed from differently bonded tridymite fragments. The large
circles represent Q4 species, while the triangles carrying small
circles represent surface Q3 species. The unit layers forming
the pore walls are represented as differently shaded areas. Since
the distance between nearest-neighbor Si atom layers of silica
is about 0.24 nm, the density of surface silanol groups is
expected to be approximately 4.5 nm-2 (tridymite), 2.2 nm-2

(edingtonite), and 3.0 nm-2 for the MCM-41 model (c). The
last of these values agrees with the experimental value for
MCM-41 silicas. Figure 6 also gives the Q3:Q4 ratios for these
fragments, which are 1:1 for tridymite, 1:4 for edingtonite, and
1:3 for MCM-41 silica. Accordingly, the edingtonite unit cell
(Figure 6b) cannot serve as a building block for MCM-41 silica,
as it conforms neither to the experimental value of the surface
density of silanol groups nor to the experimental Q3:Q4 ratio.
A combination of four unit layers of tridymite (Figure 6a) is
consistent with the observed Q3:Q4 ratio, but not with the surface
density of silanol groups and the experimental wall thickness
of less than 1 nm. For the structural fragment of Figure 6c, the
Q3:Q4 ratio is 1:3, and a bilayer formed by two such fragments
represents a structure that meets all experimental requirements,
when taking into account that the resulting surface is not planar.
The mean thickness of about 1.0 nm of such a bilayer is close
to the experimental wall thickness of MCM-41 silica. However,
it must be emphasized that the mutual agreement of the
parameters for this fictitious atomic-scale structure and of the
idealized mesoscale model of MCM-41 does not mean that these
atomic-scale structural fragments reproduce the true structure
of the pore walls of MCM-41. In particular, the properties of
the 3D structure formed by this unit cell have to be checked.
Nevertheless, the formal agreement suggests that tridymite
fragments can be used as building blocks to construct the initial
guess model suitable for structural refinement.

We emphasize that the present model cannot account for the
wall structure of SBA-15, due to its more complex structure as
compared to MCM-41. Specifically, SBA-15 is characterized
by a significantly greater wall thickness (see Table 5), and the
pores are surrounded by a microporous “corona” of lower
density than for bulk silica.32-34 Qualitatively, the greater wall
thickness of SBA-15 is reflected by the lower values of the
Q3:Q4 ratio, while the existence of a microporous corona (or of
corrugated pore walls) is indicated by the fact that our simple
mesoscopic model of cylindrical pores yields much too low
values of the Q3:Q4 ratio (Table 5).

Arrangement of the Surface Silanol Groups.We showed
that silica functionalization using HMDS (HN(Si(CH3)3)2) as
reagent allowed us to obtain a practically hydroxyl-free surface.
This means that groups such as Si(CH3)3 being immobilized
on the surface do not prevent functionalization of neighboring
silanol groups. The diameter of the “cylinder” formed by the
Si(CH3)3 group is about 0.5 nm. The mean surface density of
the silanol groups is about 3 per nm2. Thus, the mean distance
between the neighboring silanol groups on such a surface is
about 0.58 nm. These estimations do not allow us to conclude
whether or not the silanol groups at the surface of ordered
mesoporous silica are distributed uniformly. This question might
be answered by analyzing the rotational dynamics of the
immobilized functional groups. The estimations predict only the
lower limit for the distance between the neighboring silanol
groups on the idealized surface. The latter indicates that any
functionalization reagent of the (CH3)4-nSi(OH)n type could
form only one covalent bond to the surface and the residual

Figure 4. (Bottom) Silica samples functionalized using DMDMS as
reagent:29Si NMR of hydrolyzed dimethyldimethoxysilane (DMDMS),
sampleDM (a), and29Si CPMAS NMR of MCM-41, sampleM-DM
(b), and SBA-15, sampleS-DM (c). (Top) Silica samples functionalized
using MTMS as reagent:29Si NMR of hydrolyzed methyltrimethox-
ysilane (MTMS), sampleTM (d), and29Si CPMAS NMR of MCM-
41, sampleM-TM (e), and SBA-15, sampleS-TM (f).

TABLE 4: Relative Intensities of NMR Signals
Corresponding to Surface Functional Groups of Different
Podality

sample D1:D2 T1:T2:T3

DM 5:100
TM 55:100:354
M-DM 223:100
S-DM 91:100
M-TM 62:100:-
S-TM 7:100:38
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chemically active groups could be used only to form a new
silica layer. This strategy was used by Ugliengo et al. in order
to simulate the framework of edingtonite.37

A closer look at spectra of functionalized silica in Figure 4
shows that the half-widths of the NMR peaks corresponding to
D1 and D2 or T1 and T2, T3 species are different. The peaks
corresponding to D1 and T1 species have only about half the
width of those of D2, T2, and T3. In contrast, the half-width of
the NMR peaks corresponding to T2 and T3 species formed in
aqueous solution after CH3Si(OMe)3 hydrolyzation was ap-
proximately the same as that of the D1 and T1 species on the
silica surface. We ascribe this effect to inhomogeneous broaden-
ing due to some variations in the geometry of different D2, T2,
and T3 species bonded to the silica surface. These deviations
could be caused either by the mutual bonding between the
functional groups or their multiple bonding to the surface. Which
of these two reasons plays the dominant role? We suppose that
the answer is different for MCM-41 and SBA-15 silica. When
the surface was functionalized using CH3Si(OMe)3 as the
reagent, we did not observe T3 bonded species on the MCM-
41 surface. This finding is at variance with data reported in
other studies.38,39 However, it seems that in these studies the
degree of functionalization was higher than for our samples. In
this case, the formation of covalent bonds to further reagent
molecules cannot be excluded. Indeed, the fact that the amount

of T2 species on the MCM-41 surface was much higher than
the amount of D2 species, when CH3Si(OMe)3 reagent was used
instead of (CH3)2Si(OMe)2, could hardly be explained exclu-
sively in terms of the covalent bonding to the surface. The
hydroxyl group of the surface-bonded (CH3)2Si(OH) species
should be directed closer to the surface as compared to one of
the hydroxyl groups of the surface-bonded (CH3)Si(OH)2
species, which must result in a better access of another reagent
to the latter hydroxyl group. Thus, the surface of MCM-41 silica
did not contain silanol groups that would be able to react with
the same molecule of the (CH3)4-nSi(OH)n type reagent. If the
formation of mutually bonded functional groups could be
suppressed, such a surface would contain exclusively single

Figure 5. Sketch of idealized MCM-41 of circular (a) and hexagonal
(b) cross sections of the pores.

Figure 6. Scheme of the chemical structures of idealized surfaces and
walls of tridymite (a), edingtonite (b), and model MCM-41 (c). The
density of the surface silanol groups and the Q3:Q4 ratios are shown.

TABLE 5: Q 3:Q4 Ratio of MCM-41 (M1 and M2) and
SBA-15 (S1 and S2) Samples: Comparison of Experimental
Q3:Q4 Ratio with Values Resulting from a Model of Ideal
Mesopores of Circular or Hexagonal Cross Section
Embedded in a Matrix of Uniform Density

Q3:Q4

sample
a0,
nm

d,
nm

R,
nm exp. circular hexagonal

M1 3.50 0.9 1.30 0.32 0.27 0.35
M2 4.67 0.8 1.94 0.35 0.30 0.45
S1 11.64 2.7 4.47 0.26 0.09 0.12
S2 11.81 2.8 4.51 0.23 0.09 0.12

Figure 7. Cartoon of the surface structures of a silica before (a) and
after its treatment with a small (b, d) and large (c, e) amount of (CH3)2-
Si(OCH3)2 and CH3Si(OCH3)3 reagents.
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surface-bonded species. On the other hand, each surface silanol
groups could carry the functional group. The amount of D2, T2,
and T3 species dramatically increases when the rough surface
of SBA-15 was used instead of the quasi-ideal surface of MCM-
41. It is not clear whether T3 species observed on SBA-15 silica
could be formed exclusively by the covalent bonding to the
surface or by bonding to other functional groups as well. We
assume that the latter case is more realistic.

In Figure 7 we summarize the above discussion in a pictorial
way. Let us assume for simplicity a uniform arrangement of
the silanol groups on the surface (Figure 7a). When the (CH3)2-
Si(OMe)2 reagent is used to functionalize such a surface, it may
form only one covalent bond, and the second active group is
just converted to hydroxyl (Figure 7b). It is hard to imagine
how this group could form the second covalent bond to the
surface. Potentially, it might react with another reagent molecule
(Figure 7c), but the experimental spectra indicated that such
reaction was not very effective (Figure 4b). When the CH3Si-
(OMe)3 reagent is used, it may also form only one covalent
bond to the surface, but at least one of the two residual free
hydroxyl groups can be easily attacked by another reagent
(Figure 7d). If no further reaction would take place, the T1:T2

ratio would be about 1:1. In contrast, the experimental data for
this reagent on MCM-41 silica revealed a ratio of about 2:3
(Figure 4e). This may indicate that a third reagent molecule
becomes involved, leading to the double surface bonded species
(Figure 7e). The presence of surface defects will allow more
complex structures with reduced numbers of unreacted hydroxyl
groups, as was observed for SBA-15 silica.

Conclusion

The main goal of this study was to determine generic
structural parameters of MCM-41 and SBA-15 type ordered
mesoporous silicas that may be used as a checklist for atomic-
scale structural models of this class of ordered mesoporous
materials. For this purpose, we determined the Q2:Q3 and Q3:
Q4 ratios and analyzed the arrangement of Q3 silicon atoms at
the inner surfaces of these silica materials. High-quality samples
of MCM-41 and SBA-15 silica were used in this study. It was
demonstrated that the Q2:Q3 ratio is quite small for all samples
studied and that MCM-41 silica has a lower concentration of
Q2 species than SBA-15 silica. Previously it has been shown
that the inner surfaces of high-quality MCM-41 silica show a
significantly lower concentration of defects as compared to
SBA-15 silica. The new findings support the view that the Q2

species are due to structural defects of the silica surfaces. The
Q3:Q4 ratio of MCM-41 samples is found to be about 1:3, while
values close to 1:4 are found for the SBA-15 samples. One may
expect that, similar to the surface structure, the pore walls of
MCM-41 are more ordered than those of SBA-15 silica. Thus,
the earlier finding13 that the surface density of silanol groups is
about three OH/nm2 in high-quality MCM-41 silica is supple-
mented by the findings that high-quality MCM-41 samples
contain a negligible number of Q2 species and that the Q3:Q4

ratio is close to 1:3. Neither tridymite nor edingtonite meet both
of these requirements, while the atomic-scale model of MCM-
41 silica developed earlier by some of us13 formally meets both
conditions. Thus, the use of tridymite-based unit cell structures
to construct a realistic model of MCM-41 silica must not be
discarded. On the basis of the hexagonal pore shape model, the
experimental Q3:Q4 ratio yields a wall thickness of about
0.95 nm for MCM-41 silica, corresponding roughly to the width
of four silicate tetrahedra. This value agrees well with the
experimental wall thickness of 0.8-0.9 nm as derived from the
lattice spacing and pore size of the two MCM-41 samples.

The arrangement of Q3 silicon on the silica surfaces was
analyzed using postsynthesis surface functionalization. In
particular, it is shown that Si(CH3)3 groups attached to the
surface do not prevent reactions with the neighboring surface
silanol groups. This fact indirectly indicates that the distance
between neighboring surface silanol groups is greater than 0.4-
0.5 nm. As a result, functional reagents of (CH3)2Si(OH)2 and
CH3Si(OH)3 type can form only one covalent bond to the surface
of high-quality MCM-41 silica. The residual hydroxyl groups
of the surface-bonded functional reagents either remain free or
interact with other reagent molecules. On the other hand, it
appears that multiple covalent binding to the surface is possible
to some extent on the rough pore walls of SBA-15 silica, at
least for the CH3Si(OH)3 reagent. In other words, the number
of the covalent bonds formed by the functional reagents to the
silica surface is affected by the surface morphology. The pore
walls can be almost fully functionalized when HMDS is used
as the functionalization agent. In contrast, at the same surface
the number of silanol groups may even increase by function-
alization under certain conditions when CH3Si(OH)3 is used as
grafting agent.
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