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Abstract. Two simple modification methods for ordered mesoporous silicas were examined and compared.
MCM-41 molecular sieve was physically coated with 4′-cyano-4-biphenyl [4(4-pentenyloxy)]benzoate (CBPB)
and chemically modified using trimethylethoxysilane. The structural and surface properties of the obtained mate-
rials were characterized using elemental analysis, thermogravimetry and nitrogen adsorption over a wide pressure
range.

It was shown that the pore size of the MCM-41 material was not decreased significantly after the coating procedure,
even for high loadings of CBPB. Moreover, low pressure adsorption measurements indicated that significant fractions
of the MCM-41 surface were not covered by CBPB, even for high CBPB loadings, which suggests that the attained
coverage may be very nonuniform. The chemical bonding procedure led to a marked decrease in the pore size and
change of surface properties.

It was demonstrated that nitrogen adsorption measurements provide a means of a thorough characterization
of modified MCM-41 materials, allowing to estimate the surface area, pore volume and pore size distribution.
Moreover, low pressure adsorption data can be used to qualitatively or semiquantitatively assess the surface coverage
of the coated/bonded organic groups, which may be used to estimate the uniformity of the coverage and therefore,
the usefulness of the modification procedure.
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Introduction

After the discovery of M41S mesoporous molecular
sieves (Beck et al., 1992), a significant effort has been
made to engineer their structural and surface properties
(Sayari, 1996a, b). One of the members of the M41S
family, namely MCM-41, which exhibits long cylin-
drical pores arranged in a hexagonal pattern, attracted
particular attention and was the subject of far more
studies than any other periodic mesoporous structure
(Sayari, 1996a, b). The pore size of MCM-41 materi-
als can be tailored in the range from ca. 2 to 10 nm
by choosing surfactants of a proper chain length (Beck
et al., 1992; Kruk et al., 1997b) or adding expander

molecules during the synthesis (Beck et al., 1992).
Alternatively, a postsynthesis hydrothermal treatment
can be used (Khushalani et al., 1995; Sayari et al., 1997;
Huo et al., 1996). The above methods allow to engi-
neer the porous structure of MCM-41 molecular sieves,
but essentially do not influence the surface properties
of the obtained materials. In order to tailor the surface
properties, various heteroatoms, such as titanium or
vanadium can be incorporated into the siliceous walls
of MCM-41, inducing desirable (e.g., catalytic) prop-
erties (Sayari, 1996a and references therein). One can
also take advantage of the rich surface chemistry of
silica (Vansant et al., 1995) and bond organic ligands
(Beck et al., 1992; Brunel et al., 1995; Feng et al.,
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1997) or anchor inorganic species (see review articles
by Sayari, 1996a, b). Such modifications change the
surface properties of MCM-41, but also may lead to a
significant decrease of the pore size.

Chemical modifications and physical coating of the
silica surface were shown to be very useful, lead-
ing to materials with engineered surface properties
suitable for advanced applications, especially in the
field of mixture separation and purification (Vansant
et al., 1995), where high performance liquid chro-
matographic separations can serve as the best exam-
ple (Scott, 1993). Therefore, it is surprising that there
are only few reports of such modifications for novel
mesoporousmolecular sieves (Beck etal., 1992; Brunel
et al., 1995; Feng et al., 1997). The current study was in-
tended to explore the simplest methods of modification
of the surface and pore structure of MCM-41 molecular
sieves, i.e., chemical bonding of small nonpolar ligands
and physical coating. Another crucial point of the study
was to test nitrogen adsorption methods of characteri-
zation for modified siliceous mesoporous materials and
to show their usefulness in monitoring changes in sur-
face and structural properties. Therefore, the currect
work was performed to provide a solid foundation for
further modifications of MCM-41 materials in order
improve their hydrothermal stability (Ryoo and Jun,
1997) and structural and surface properties, with the ul-
timate goal at developing novel materials for advanced
applications.

Materials and Methods

Materials

4′-cyano-4-biphenyl[4-(4-pentenyloxy)] benzoate
(CBPB) was synthesized as reported previously (Zhou
et al., 1994). Trimethylethoxysilane was acquired
from United Chemical Technologies, Inc. (Bristol, PA,
USA). The synthesis and properties of the MCM-41
molecular sieve used in the current study were de-
scribed in detail elsewhere (Kruk et al., 1997b, Kruk
et al., 1997c). The X-ray diffraction interplanar spacing
d100 of the sample was equal to 3.87 nm. The MCM-41
material was modified by either physical coating with
CBPB or chemical bonding of trimethylethoxysilane.
In the coating procedure, the MCM-41 silicate was
added to a chloroform solution containing a proper
amount of CBPB. Subsequently, the solvent was re-
moved using a rotary evaporator at 313 K and the coated
MCM-41 was dried overnight in an oven at 323 K.
The chemically modified sample was synthesized as

follows. The MCM-41 material was exposed to wa-
ter vapor in a desiccator for 20 h prior to the syn-
thesis. Then, the sample was added to dry toluene
and the mixture was stirred for 15 min. Subsequently,
trimethylethoxysilane was added and the mixture was
refluxed at 393 K for 6 h. The product was washed
with dry toluene and acetone and dried under vac-
uum for 12 h. The samples will be denoted as follows.
The unmodified MCM-41 molecular sieve will be re-
ferred to as MCM-41. The physically coated samples
will be designated asX% CBPB-MCM-41 or simply
X% CBPB, whereX stands for the weight percent of
CBPB in the obtained materials. The chemically mod-
ified MCM-41 will be denoted as TMS-MCM-41.

Measurements and Calculation Methods

Nitrogen adsorption measurements were carried out on
an ASAP 2010 volumetric adsorption analyzer from
Micromeritics (Norcross, GA, USA). The MCM-41
and the modified samples were outgassed for 2 h at
473 and 413 K, respectively. The contents of carbon
in the modified samples were obtained using a LECO
CHNS-932 elemental analyzer (St. Joseph, MI, USA).
The weight loss curves were recorded on a TGA 2950
high resolution thermogravimetric analyzer from TA
Instruments, Inc. (New Castle, DE, USA).

The specific surface areaSBET was obtained from the
BET method (Gregg and Sing, 1982; Rouquerol et al.,
1994). The relative pressure intervals of 0.06–0.25,
0.04–0.14 and 0.03–0.1 were used in calculations for
the MCM-41, CBPB-MCM-41 and TMS-MCM-41,
respectively, to exclude data affected by the onset of
condensation in the primary mesopores (Kruk et al.,
1997b). It should be noted that according to IUPAC
recommendations (Rouquerol et al., 1994), pores are
classified as micropores (width<2 nm), mesopores
(2 nm< width<50 nm) and macropores (width>
50 nm). Moreover, in the current study, ordered meso-
pores of the materials are referred to as primary meso-
pores, whereas other mesopores (and macropores) are
referred to as secondary mesopores.

The external (secondary mesopore) surface areaSex

and primary mesopore volumeVp of the samples were
calculated using theαs-plot method (Gregg and Sing,
1982; Kaneko et al., 1992; Sayari et al., 1997). A
macroporous LiChrospher Si-1000 silica gel (EM Sep-
arations, Gibbstown, NJ, USA) was used as the ref-
erence adsorbent. In theαs-plot method, the amount
adsorbed for a solid under study is plotted as a function
of the standard reduced adsorptionαs for the reference
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solid (αs is defined as the amount adsorbed on the ref-
erence adsorbent divided by the amount adsorbed on
it at a relative pressure of 0.4). A high pressure lin-
ear part of theαs-plot (αs between 1.2 and 1.8, i.e.,
relative pressure from 0.6 to 0.87) was used to calcu-
late Sex from the slope of the line and to obtainVp

from its intercept with the “Amount Adsorbed” axis.
The total pore volumeVt was assessed from the vol-
ume of nitrogen adsorbed at a relative pressurep/p0 of
0.99 by converting it to the volume of liquid nitrogen
at 77 K.

Pore size distributions were calculated from adsorp-
tion branches of the isotherms using the BJH method
(Barrett et al., 1951) with the experimental statisti-
cal film thickness curve and the modified Kelvin
equation for nitrogen adsorption in cylindrical pores
(Kruk et al., 1997c). The latter method was shown
to allow for an accurate assessment of the pore size
for MCM-41 molecular sieves within a wide range
of pore sizes (Kruk et al., 1997c). The modified
Kelvin equation assumes the form:r (p/p0) [nm]=
2γVL/[RT ln(p0/p)] + t (p/p0)+ 0.3, wherer is the
pore radius,VL is the molar volume of liquid adsor-
bate,γ is its surface tension,R is the universal gas
constant,T is the absolute temperature(T =77 K),
p is equilibrium pressure andp0 is the saturation va-
por pressure. Thet-curve t (p/p0) was based on the
adsorption isotherm for a macroporous silica gel, but
it is accurately represented in the interval from 0.1
to 0.95 p/p0 by the Harkins-Jura equationt (p/p0)

[nm]=0.1(60.65/(0.03071− log(p/p0)))
0.3968.

Adsorption energy distributions (AEDs) were ob-
tained by inversion of the integral equation for the over-
all adsorption with respect to the AED (Jaroniec and
Madey, 1988) using the INTEG program (Szombathely
et al., 1992) based on the regularization method. The
local adsorption behavior was described by the Fowler-
Guggenheim isotherm (Kruk et al., 1997a). The num-
ber of nearest neighbors and their interaction energy
(divided by the Boltzmann constant) were set to 4 and
95 K, respectively. Random topography of the adsorp-
tion sites was assumed (Jaroniec and Madey, 1988;
Szombathely et al., 1992).

The weight percentWP of species introduced dur-
ing the modification was calculated using the con-
tents of carbon obtained from the elemental analysis,
with the exception of 36% CBPB-MCM-41, for which
the amount of CBPB was assessed from the thermo-
gravimetry data. Subsequently,SBET of the unmodified
MCM-41 andWP were used to calculate the surface
coverageSCof the species. The surface coverageSCads

of CBPB was also obtained from low pressure adsorp-
tion data.

Results and Discussion

Adsorption isotherms for the samples under study are
shown in Fig. 1. Information about structural and sur-
face properties is provided in Table 1. Previous studies

Figure 1. Nitrogen adsorption isotherms (top graph) for the sam-
ples under study. On the bottom graph, the adsorbed amounts were
divided by the adsorbed amount at a relative pressure of 0.4 to allow
for a better comparison of steps of nitrogen condensation in primary
mesopores.
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Table 1. Structural and surface properties of the samples under study.

SBET Sex Vp Vt wBJH WP SC SCads

Sample (m2/g) (m2/g) (m2/g) (m2/g) (nm) (%) (µmol/m2) (µmol/m2)

MCM-41 1240 180 0.92 1.38 3.81 — — —

11% CBPB 940 (1060) 130 0.68 (0.77) 1.08 (1.21) 3.61 11 0.27 <0.32

28% CBPB 710 (990) 120 0.50 (0.69) 0.82 (1.14) 3.57 28 0.86 <0.40

36% CBPB 310 (480) 70 0.20 (0.31) 0.42 (0.66) 3.49 36∗ 1.1 <0.48

TMS-MCM-41 820 (940) 140 0.56 (0.65) 0.95 (1.09) 3.29 12 1.6 —

SBET: BET specific surface area,Sex: external surface area,Vp: primary mesopore volume,Vt : total pore volume,
wBJH: maximum of the pore size distribution calculated from the BJH method,WP, SC, SCads: weight percent, surface
coverage calculated from the carbon contents, and surface coverage obtained from low pressure nitrogen adsorption,
respectively, of the species introduced during the modification.
Quantities in brackets are calculated for 1 g of the MCM-41material rather than 1 g of the modified sample.
∗Estimated from the thermogravimetry.

of silica gels coated with CBPB (Kruk et al., 1997a)
suggest that the amounts of CBPB in the samples cur-
rently studied are below the monolayer coverage. As
can be seen from Table 1, the specific surface area,
total pore volume and primary mesopore volume de-
creased significantly with the increase of the CBPB
loading. However, the decrease in the primary meso-
pore size was very limited, which can be inferred from
a rather small shift of the step of nitrogen condensation
in primary mesopores (Fig. 1). To quantify the pore size
changes, the BJH method was used. As can be seen in
Fig. 2 and Table 1, even for the highest loading of CBPB
(36%), the primary mesopore diameter decreased only
by about 0.3 nm. This finding indicates that a limited
amount of CBPB is actually deposited as a thin layer
on the primary mesopore walls. Therefore, it may be
inferred that CBPB is deposited on the external surface
area of the sample or/and enters primary mesopores and
blocks them. The conclusion about the limited surface
coverage of CBPB on the pore walls is also supported
by an examination of the adsorption isotherm (Fig. 1)
and the pore size distribution (Fig. 2) of the chemi-
cally modified sample. Although the weight percent
of trimethylsilyl groups was comparable to the weight
percent of CBPB in the sample of the lowest coating
level, the pore size decrease was more than 0.5 nm.
The appearance of pore blocking is strongly supported
by the fact that a significant decrease of the primary
mesopore volume was observed for the coated sam-
ples, especially for the 36% CBPB MCM-41, which
has the highest loading of CBPB (Table 1). Lower pri-
mary mesopore volumes for the coated materials are
expected, since their pore sizes decreased and certain

Figure 2. Pore size distributions for the samples (calculated from
the BJH method with a modified Kelvin equation).

amounts of nonporous coating species were introduced.
These two factors would lead to the following changes
in the primary mesopore volume:Vp, modified sample=
Vp, MCM-41(1 − %CBPB)(WBJH, modified sample

WBJH, MCM-41
)2. The lat-

ter equation allows to predictVp equal to 0.73,
0.58 and 0.49 cm3/g for materials with 11%, 28%
and 36% CBPB, respectively. However, much lower
primary mesopore volumes observed (0.64, 0.50 and
0.20 cm3/g, respectively). Such low values ofVp

provide a direct evidence that some parts of pri-
mary mesopore structures of the coated MCM-41
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materials are not accessible for nitrogen adsorbate,
since the coating procedure is not expected to change
the mesoporous structure of the support (i.e., siliceous
MCM-41).

Changes in surface properties of the modified mate-
rials can be monitored using low pressure adsorption
data to obtain high resolutionαs plots (Fig. 3) and the
adsorption energy distributions (Fig. 4). One can notice

Figure 3. Low pressure parts of high resolutionαs-plots for the
samples under study. To allow for a better comparison, the adsorbed
amount was divided by the adsorbed amount at a relative pressure
of 0.1. The line on the bottom graph was drawn to highlight the
nonlinearity of the plots for the modified materials.

Figure 4. Adsorption energy distributions for the unmodified and
the modified MCM-41 samples.

that when a macroporous silica gel is used as a refer-
ence, the low pressure part of theαs-plot for the pure
MCM-41 material is linear from the origin of the graph
showing no trace of microporosity. In such a case, that
initial part of the plot can be used to assess the total sur-
face area of the sample (Sayari et al., 1997). In contrast,
the low pressure segments of theαs-plots for the mod-
ified samples show deviations from linearity, which is
especially pronounced for the chemically modified ma-
terial. The slope of the initial part of the plots increases
with the increase inαs (i.e., the plots are concave up),
which is just opposite to the shape of comparative plot
curves materials with micropores which are concave
down (Gregg and Sing, 1982; Kaneko et al., 1992;
Sayari et al., 1997). Such an unusual behavior can be
attributed to the decrease in interactions between the
surface and nitrogen molecules, caused by introduc-
tion of organic groups, which are much less polar than
silanols present on the siliceous surface the MCM-41
(Kruk et al., 1997a; Jaroniec et al., 1997). Therefore,
for the modified samples, an accurate assessment of the
total surface area from the slope of the initial part of
theαs-plot is no longer practical, since proper reference
materials would have to be used for different types of
surface groups introduced and/or different surface cov-
erages. However, one can use data in the multilayer ad-
sorption region to assess the external surface area and
primary mesopore volume, since the influence of the
surface properties of materials is expected to be much
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Figure 5. An illustrative fit of the relative adsorption curve for the
28% CBPB-MCM-41 by a linear combination of the relative adsorp-
tion curves for the unmodified MCM-41 and the sample of a silica
gel with very high loading of chemically bonded and subsequently
coated CBPB (the latter curve was assumed to correspond to adsorp-
tion on pure CBPB).

smaller for the multilayer formation (Gregg and Sing,
1982) than for adsorption in the submonolayer region.

As can be seen in Fig. 4, the adsorption energy dis-
tributions (AEDs) for the samples coated with CBPB
resemble quite closely the AED for the unmodified
MCM-41. The AED for TMS-MCM-41 is quite dif-
ferent from the others, since it has a noticeably lower
population of adsorption sites at ca. 7–11 kJ/mol and
higher population of low energy sites (ca. 5 kJ/mol). It
should be noted that for the chemically modified sam-
ple, the high energy sites (about 14 kJ/mol), which can
probably be attributed to isolated silanols (Kruk et al.,
1997a; Jaroniec et al., 1997), are still significantly pop-
ulated, which can be expected from a rather low degree
of coverage of trimethylsilyl groups.

The fraction of the siliceous surface of coated materi-
als, which was accessible to adsorbed molecules, was
estimated by fitting low pressure relative adsorption
curves of the modified samples with relative adsorption
curves for the unmodified MCM-41 and the “CBPB”.
The adsorption isotherm for CBPB could not be mea-
sured directly due to low surface area and nonporous
character of that substance. Therefore, it was approxi-
mated by the relative adsorption curve of the silica gel
with high loading with chemically modified and coated
CBPB, which was shown to be essentially fully covered

with CBPB (Kruk et al., 1997a). Note that the relative
adsorption is defined here as the amount adsorbed at
a given pressure divided by that for the relative pres-
sure of 0.1. The fits were satisfactory and allowed to
obtain the following estimates of fractions of the sur-
face covered by CBPB: 0.18 (11% CBPB-MCM-41),
0.22 (28% CBPB-MCM-41) and 0.26 (36% CBPB-
MCM-41). In order to assess the monolayer surface
coverage of CBPB molecules, a similar fitting proce-
dure was applied to the previously reported data (Kruk
et al., 1997a) for the unmodified and CBPB-coated
LiChrospher Si-100 silica gel. The results indicated
that the monolayer of CBPB on the surface can be at-
tained for the surface coverage less than or equal to
1.8 µmol/m2. Under such an assumption, the cover-
agesSCads were calculated (see Table 1).SCads pro-
vides an estimate of the amount of CBPB molecules,
which are present in the first layer on the surface of
the MCM-41 materials (excluding the surface of pores
blocked by CBPB, if such pores are present). There-
fore, the comparison ofSCadswith the surface coverage
SC(calculated from wt% CBPB) shows that CBPB ac-
tually covers a much smaller fraction of the surface
than it would if it were distributed as a uniform layer.
Therefore, it can be concluded that CBPB does not
cover the surface in the uniform way, at least in the
case of the two samples of the highest coating level
(28% CBPB and 36% CBPB). Instead, it either enters
primary mesopores and blocks them or accumulates at
the external surface of the sample. Note that calcula-
tions of SCads may be quite inaccurate due to many
assumptions involved.

Conclusions

Physical coating procedure did not allow to obtain a
uniform surface coverage, probably due to a relatively
large size of molecules used for the modification in
comparison with the primary mesopore diameter. The
chemical bonding led to significant changes of surface
properties and the pore size of the MCM-41, showing
the usefulness of that type of surface modifications.
Nitrogen adsorption measurements proved to be an im-
portant tool to thoroughly characterize the modified
materials.

Nomenclature

p Equilibrium pressure Pa
p0 Saturation vapor pressure Pa
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R The universal gas J mol−1 K−1

constant= 8.314
r Pore radius nm
SBET BET specific surface area m2/g
SC Surface coverage of species, µmol/m2

calculated from the weight
percentWC

SCads Surface coverage of species, µmol/m2

obtained from low pressure
adsorption data

Sex External surface area m2/g
T Absolute temperature K
t Statistical film thickness nm
VL Molar volume of liquid cm3/mol

nitrogen= 34.68
Vp Primary mesopore volume cm3/g
Vt Total pore volume cm3/g
wBJH Maximum of the pore size nm

distribution calculated from
the BJH method

WP Weight percent of species %
introduced during the
modification

αs Standard reduced adsorption
γ Surface tension of liquid N/m

nitrogen at 77 K=8.88× 10−3
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