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Abstract Diffusion of cyclohexane in mesoporous silica
materials with different degrees of surface silanization has
been probed by means of pulsed field gradient nuclear mag-
netic resonance. The self-diffusion coefficients have been
measured at various pore fillings from about 10% of one
monolayer coverage to complete pore saturation by the
capillary-condensed phase. It is found that the surface mod-
ification, namely grafting of dimethyloctadecylmethoxysi-
lane molecules to the silica surface, reduces diffusivities of
guest molecules as compared to the native sample. The con-
tribution of the Knudsen molecular diffusion to the mea-
sured diffusivity has been assessed using the model of fast
molecular exchange between the adsorbed phase on the pore
walls and the molecules in the gaseous phase in the pore in-
terior. The diffusivity data were correlated with the degree
of the surface modification, with the latter being probed by
measuring 1H and 13C spectra using magic angle spinning
(MAS) solid state NMR, nitrogen adsorption and thermo-
gravimetry.

Keywords Adsorption · Surface modification · Diffusion ·
Mesopores · NMR

M. Dvoyashkin · E.E. Romanova · J. Kärger · R. Valiullin (�)
Department of Interface Physics, University of Leipzig, 04103
Leipzig, Germany
e-mail: valiullin@uni-leipzig.de

W.-D. Einicke · R. Gläser
Institute of Chemical Technology, University of Leipzig, 04103
Leipzig, Germany

1 Introduction

Behavior of molecular ensembles confined to pores of meso-
porous silica materials is a matter of continuous research
over the last decades (Hansen et al. 1996a, 1996b; Hwang
et al. 2001; Vyalikh et al. 2005). Since these host materials
provide relatively high transport rates for guest entities and
simultaneously the physico-chemical properties of the intra-
pore surfaces of these materials can be chemically modified
(Anwander et al. 2000; Whilton et al. 1999), mesoporous
silica catalysts are considered as promising candidates for
novel catalytic applications. This has initiated a few re-
cent studies of the dynamics of guest molecules in meso-
porous silica (Aksnes and Gjerdaker 1999; Gedat et al. 2001;
Shenderovich et al. 2003). A set of NMR techniques have
been utilized to establish an influence of the pore geometry,
of the degree of the pore filling and of the surface proper-
ties on dynamics and phase behavior of confined molecu-
lar species in mesoporous Sorbsil (Aksnes and Gjerdaker
1999), MCM-41 (Gedat et al. 2001) and SBA-15 (Shen-
derovich et al. 2003) materials, as only a few representative
examples.

Upon variation of the fluid content in mesopores, the
character of the diffusion processes may change signifi-
cantly (Valiullin et al. 2004, 2005a). In part, this is re-
lated to the fact that the fluid phase state may change
(Valiullin et al. 2009), which ultimately will lead to a re-
spective transition in the mechanisms of molecular prop-
agation. Thus, for low adsorption, corresponding to one
monolayer surface coverages or less, the molecular diffu-
sion is determined by two microscopic mechanisms, namely
(i) hopping-like surface diffusion along the inner surface
of the adsorbent (Dvoyashkin et al. 2009; Valiullin et al.
2005b), and (ii) diffusion through the gaseous phase in the
pore interior, known as Knudsen diffusion (Knudsen 1909;

mailto:valiullin@uni-leipzig.de


94 Adsorption (2011) 17: 93–99

Pollard and Present 1948). At higher pore loadings, corre-
sponding to the region of polylayer adsorption, the character
of diffusion of such multilayered molecules may differ from
that at sub-monolayer coverages (Choi et al. 2001). In the
range of capillary-condensation, the transport pattern is pre-
dominantly determined by the pore-space geometry, such as
pore-size distribution, interconnectivity of the neighboring
pores, and surface roughness (Choi et al. 2001; Dvoyashkin
et al. 2007; Malek and Coppens 2001; Sapoval et al. 1996;
Valiullin and Skirda 2001).

In the present work, we study diffusion of cyclohexane
as a guest molecule in the mesopores of the Controlled Pore
Glass (CPG) at various degrees of the pore loadings. As an
essential point, we have studied the effect of the surface
silanization on the transport properties of the guest mole-
cules. The surface modification was monitored using 1H and
13C cross-polarization MAS NMR spectroscopy (Sutra et al.
1999), nitrogen adsorption and thermogravimetry. A com-
prehensive diffusion analysis may help to better understand
the relative contributions of different transport modes to the
overall transport of organic molecules in random silicas with
different surface properties for their further optimal use in
technical applications.

2 Experimental

2.1 Material

The CPG 10-75 supplied by Fluka is a common solid sup-
port having amorphous pore network (Ciesla and Schüth
1999). It consists of a highly interconnected pore network
and has a narrow pore size distribution with an average pore
diameter of 8.1 nm and with a porosity of 57%. The cross-
section of pores of CPG is approximately circular and, there-
fore, its structure may be represented by a network of cylin-
drical pores. The specific surface area provided by manufac-
turer is 182 m2/g and the specific pore volume is 0.47 cm3/g.
Before modification, in order to remove organic impurities,
the glass particles were stored in 30% H2O2 solution during
4 hours at 400 K.

2.2 Standard procedure for the surface modification

Before modification the porous glass samples were activated
at 673 K for 2 hours to remove the physisorbed water. The
reactions of porous glass with different amounts of dimethy-
loctadecylmethoxysilane were carried out in dried toluene
at 383 K for 24 hours in teflon containers (1g CPG + 2
ml toluene + 0.0803 g (sample-1), 0.1544 g (sample-2),
0.2241 g (sample-3) and 0.3034 g (sample-4) silane). Af-
ter the reaction, the samples were washed with 40 ml hot
toluene and dried in vacuum at 343 K for 24 hours.

Fig. 1 Thermogravimetry (squares) and its temperature derivative
(circles) graphs of the sample-3

Table 1 Textural parameters of the modified samples obtained by ni-
trogen adsorption

Sample BET-surface / m2/g Volume / cm3/g Pore width / nm

number (BJHdes)

Original 174 0.60 98

1 153 0.52 91

2 149 0.51 92

3 140 0.48 88

4 145 0.50 88

To obtain the surface density of the bonded silane groups,
the samples were investigated by means of thermogravime-
try and nitrogen adsorption (ASAP2000). Thermogravimet-
ric measurements were carried out in helium with a heating
rate of 10 K/min. As shown in Fig. 1, the silane molecules
were decomposed at about 700 K. From the mass difference,
the number of silane molecules bonded on the surface was
calculated.

Data on textural parameters of the original and mod-
ified samples are given in Table 1 as revealed by nitro-
gen adsorption. The number of silane molecules on the
surface was derived assuming a molecular volume of 413
cm3/g for SiC20H44. The calculated occupation of OH-
groups by silane molecules are summarized in Table 2 (OH-
concentration of the original surface is 3.94 · 1020 g−1). The
correlation between the number of silane molecules in the
synthesis mixture and the surface silane groups is given in
Fig. 2.

2.3 MAS NMR characterization

The samples for MAS NMR measurements were prepared
by heating 11 mg of the porous glass in glass tubes of 3 mm
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Table 2 Data on percentage of OH groups substituted by grafted
dimethyloctadecylmethoxysilane as derived from thermogravimetry
and nitrogen adsorption experiments

Sample number Thermogravimetry / % Adsorption / %

Original taken as 0% taken as 0%

1 29.1 28.7

2 31.8 35.1

3 38.8 45.0

4 36.1 39.4

Fig. 2 Calculated number of surface bonded silane molecules in de-
pendence on the number in the synthesis mixture

outer diameter. The CPG porous glass without surface modi-
fication was activated by an increase of the temperature from
298 K to 673 K at a rate of 10 K h−1. Further, the samples
were maintained at 673 K for 24 h under vacuum. The mod-
ified CPGs were activated by an increase of the temperature
from 298 K to 353 K.

NMR measurements were performed on a Bruker
AVANCE 400 spectrometer equipped with a double-reso-
nance magic angle spinning (MAS) probe. Zirconia rotors
(4 mm outer diameter) with the inserted sealed glass tube
were spun at 10 kHz. 1H MAS NMR spectra were recorded
by the Hahn-echo pulse sequence (π/2–τ–π–τ–acquire),
where τ equals to one rotor period (100 µs). The excitation
pulse length (π/2) was 1.2 µs and repetition time was 5 s.
The 13C MAS NMR spectra were recorded by the cross-
polarization sequence using π/2 proton pulse duration of 3
µs, contact time of 5 ms and repetition time of 4 s. For each
13C MAS NMR spectrum 14 000 scans were accumulated.

2.4 Pore loading and PFG NMR diffusion measurements

The procedure of saturation of the porous material by guest
molecules was similar to that described elsewhere (Valiullin

Fig. 3 Scheme of the adsorption facility used for preparation of a cer-
tain pore loading. (1) reservoir with prepared pressure, (2) flask with
liquid cyclohexane, (3) NMR tube with porous material, (4) turbomole-
cular pump, (5) valves

et al. 2004). The long glass NMR tube with CPG was con-
nected to a reservoir with a volume notably exceeding that of
the total pole volume (Fig. 3). First, the reservoir was filled
with a gas under study. The gas pressure was controlled us-
ing a high precision pressure gauge (±10−6 bar). Thereafter,
the gas in the reservoir was brought into contact with the
porous glass. The amount of adsorbed liquid was controlled
by measuring the 1H NMR free induction decay signal in-
tensity (Valiullin et al. 2004). Thus, by increase or decrease
of the gas pressure in the reservoir, giving a certain time for
the equilibration, the respective adsorption and desorption
isotherms could be measured.

Simultaneously with the measurements of the amount ad-
sorbed, diffusion experiments were performed on a Bruker
NMR spectrometer operating at a 400 MHz resonance fre-
quency on protons. The spectrometer was equipped with
a home-built PFG unit allowing to perform a spatial en-
coding and decoding of positions of probe molecules and
producing a maximal z-gradient strength ∼35 T/m in a 7
mm o.d. NMR tube (Galvosas et al. 2001). In order to sup-
press effects of the internal magnetic fields, originating from
the susceptibility difference between the fluid and the solid
framework, and to minimize undesirable eddy-current ef-
fects in diffusion measurements, the 13-interval stimulated
echo pulse sequence with bipolar gradients has been applied
(Wu et al. 1995). The typical parameters of the pulse se-
quence used were: time interval between the first and the
second π/2 radio-frequency pulses 1500 µs, duration of the
gradient pulses 600 µs, and diffusion time 10 ms. Tempera-
ture during measurements was kept at 297 K.

3 Results and discussion

3.1 Surface characterization

A detailed structural characterization of the chemically
modified Si-OH surfaces was performed by means of solid-
state 1H MAS NMR. The 1H MAS NMR spectrum of the
original CPG is shown in Fig. 4a. The spectral line at about
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Fig. 4 1H MAS NMR spectra of the (a) CPG without surface modifi-
cation and (b) CPG chemically modified (sample-4)

1.8 ppm can be assigned to the OH groups directly bonded
to the silicon atom. The integral intensity of this peak has
allowed estimating the amount of OH groups per unit area.
Using the data on the specific surface area, provided by the
manufacturer, a value of 2 OH groups per 1 nm2 has been
derived. This surface concentration was further used for
derivation of a required concentration of dimethyloctade-
cylmethoxysilane in solution for the surface modification.

In case of the CPG chemically modified with the di-
methyloctadecylmethoxysilane, the signal of the chain
methylene protons at 1.3 ppm dominates the spectrum (see
Fig. 4b). Besides this very intense signal, a small sharp spec-
tral line from the terminal methyl group can be detected at
0.8 ppm, while a broad resonance with low intensity at ap-
proximately 0 ppm shows the presence of the methyl groups
directly bonded to the silicon atom. A small peak at 3.5 ppm
shows residual water on the CPG surface.

The 13C MAS NMR can also be used in the investigation
of bonded phases and, in contrast to 1H MAS NMR, more
detailed structural information can be obtained. The 13C
solid-state NMR spectrum of the modified CPG is shown in
Fig. 5. The assignment in the spectra is as follows: C-1/C-
18, 16.5 ppm; C-2/C-17, 22.1 ppm; C-3, 33.2 ppm; C-16,
31.6 ppm; SiCH3,−3.3 ppm and for the main carbon chain,
C-4−C-15, 29.2 ppm.

Similar 1H MAS NMR and 13C MAS NMR spectra were
acquired for the CPG, having different degrees of surface
modification (Sample 1−3). Given that the spectra for all
samples were recorded and processed under the same con-

Fig. 5 13C MAS NMR spectrum of the sample-4

ditions, the total intensities of the 1H MAS NMR spectra
can be compared. The 1H MAS NMR spectra reveal no cor-
relation between proton loading and total intensity. With the
higher proton loading the integral of spectra for all samples
remains unchanged. In the case of 13C MAS NMR spec-
tra, the comparison is simplified by the fact that the more
resolved spectra were obtained. The intensity of the line re-
lated to main carbon chain (C-4−C-15) should increase in
proportion to the degree of the surface modification. As the
13C MAS NMR spectra show, the intensity also remains un-
changed for all modified samples (samples-1–4). These re-
sults are in good agreement with the results which are shown
in Table 2.

3.2 Desorption isotherms

Figure 6 shows the relative amount of cyclohexane adsorbed
at a certain vapor pressure on the desorption branch. The
shape of the isotherms (the adsorption branch is not shown)
is of type IV according to the 1985 IUPAC classification
and is typical for mesoporous solids with relatively nar-
row pore size distribution. All modified samples reveal a
very similar desorption behavior. At a relative vapor pres-
sure z

orig
des ≈ 0.63 (where z = P/Ps,P is the pressure in the

reservoir and Ps is the saturated vapor pressure) for the orig-
inal material and z mod

des ≈ 0.58 for all modified samples a
well-pronounced desorption knee is observed. The observed
small difference in the capillary evaporation pressures might
be caused by the presence of long grafted molecules on the
surface of the modified samples. These polymer molecules
change the initial pore space in a way to incorporate brush-
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Fig. 6 Isotherms for cyclohexane in original (solid squares) and mod-
ified (open symbols) samples measured on desorption branch. Dashed
line is to guide the eye. Dotted horizontal lines show calculated val-
ues for amount adsorbed which is required to cover the surface by a
monolayer assuming 0% for original sample, 35% for sample-1, 68%
for sample-2 and 100% for samples-3,4 conversion

like structures, which may render the evaporation transition
to lower pressures.

Simple calculations allow estimating the amount of the
adsorbed molecules corresponding to one monolayer sur-
face coverage. Assuming cylindrical pore geometry, the ra-
tio of the volume occupied by one monolayer to the to-
tal pore volume is given by Vmon/Vtot = (4dd0 − d2

0 )/d2,
where d = 8.1 nm is the pore diameter and d0 = 0.6 nm
is the kinetic diameter of a cyclohexane molecule. For the
modified samples, the surface is affected by the end-capped
polymers. Thus, the effective surface of the original porous
glass is reduced by a factor of 0.042 nm2 per one grafted
polymer. The calculations were performed assuming 35%
(sample 1), 68% (sample 2) and 100% (samples 3, 4) conver-
sions of OH groups (see Table 2). The result is presented by
horizontal dotted lines in Fig. 6 and reveals that the grafting
process only slightly changes the inner surface: the value of
the pore filling, corresponding to one monolayer coverage,
lies in a range between 0.15 and 0.11 for all samples.

3.3 Diffusion

The self-diffusion coefficients D measured at different val-
ues of z are presented in Fig. 7a. A more informative repre-
sentation, showing diffusivities of Fig. 7a plotted versus the
amount adsorbed, is shown in Fig. 7b. To do this, the relative
pressures of Fig. 7a have been related to θ by the use of the
desorption isotherms (Fig. 6).

Qualitatively, the measured diffusivities show a simi-
lar behavior for all samples and reveal three pronounced
regimes with decreasing pore loading. They include: (i)
plateau-like dependency in the range of pore loadings from

Fig. 7 Experimentally measured self-diffusion coefficients vs the rel-
ative pressure z (a) and vs the concentration θ (b) for cyclohexane in
CPGs. The dashed lines are given as an eye guide

1 to about 0.6, (ii) increase of D from θ = 0.6 to 0.15 and
(iii) sharp decrease of D for pore loadings less than 0.15.
By interrelating these regions with the shape of the isotherm
shown in Fig. 6, it is evident that these pore fillings coincide
with the regions of capillary-condensed phase, onset of the
evaporation transition and the region of the sub-monolayer
surface coverage, respectively. Thus, the initial increase in
diffusivities starting from θ = 0.6 might be reasonably at-
tributed to the appearance of the gaseous phase in the pore
interior, where the diffusion process is much faster as com-
pared to diffusion in the liquid phase. It has to be noted that
with a diffusion time of 10 ms, as used in the experiments,
and a self-diffusion coefficient D ≈ 10−9 m2/s, the mole-
cules travel distances of the order of a few micrometers.
Thus, during this time they perform many cycles of alter-
nating displacements in the gaseous and liquid phases.

The problem of fast molecular exchange between ad-
sorbed and gaseous phases has been analyzed by Kärger
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et al. (1988). Within this model, the effective diffusivity D

consists of two terms:

D = pgDg + plDl (1)

where pg,pl and Dg,Dl are the relative fractions of the
molecules and their diffusivities in the gaseous and liquid
phases, respectively. In Valiullin et al. (2004) it has been
shown, that pg can be expressed as

pg = 1 − θ

θ

z(θ)PsM

ρRT
. (2)

Here, M is the molar mass, ρ is the liquid density, T is the
temperature.

Assuming cylindrical pore geometry, one can assess the
contribution of the diffusion through the vapor phase pgDg

considering the Knudsen diffusion regime of diffusion in the
gaseous phase in the mesopores. Burganos (1998) has de-
rived an analytical solution for the diffusion coefficient in
the Knudsen regime, DK , in a porous medium with a poros-
ity ϕ and a tortuosity factor τ . According to this approach:

DK

D∗ = 4ϕ2

τ

1

d

(
S

V

)−1

(3)

where D∗ is the Knudsen diffusivity in an infinite cylindri-
cal tube of diameter d,S/V is the pore surface-to-volume
ratio. The tortuosity factor for CPG has been determined ex-
perimentally as

τ = D(θ → 1)

D0
(4)

where D0 = 1.4 × 10−9 m2/s is the bulk diffusivity of cy-
clohexane at 297 K. Taking account of the decrease of the
effective pore diameter due to the adsorbed molecules on the
pore walls, D∗ can be given as (Valiullin et al. 2004)

D∗ = d
√

1 − θ

3

√
8RT

πμ
. (5)

The values of pgDg as resulting from these calculations are
presented in Fig. 8 and compared with the experimental data
for the overall diffusivities. The term pgDg is found to be
comparable with the values of measured diffusivities, dif-
fering by factor of about 2.5 for the original and by factor
of 2 for the modified samples at one monolayer coverage.
This means that overall mass transfer is notably affected by
the Knudsen mechanism of diffusion. For smaller pore sizes,
the influence of the Knudsen diffusion on the overall trans-
port has to be lower. This tendency is in a good agreement
with other experimental data obtained on materials with 3.6
nm (Valiullin et al. 2005a) and 10 nm pore sizes (Valiullin
et al. 2004). The dramatic difference in effective diffusiv-
ities D for the original and modified samples in the range

Fig. 8 Comparison of the experimental diffusivities D for the origi-
nal (filled squares) and modified (sample-2, diamonds) samples (see
Fig. 7b) with the theoretical estimate of the contribution from the
gaseous phase on the basis of the porosity data and the adsorption
isotherms presented in Fig. 6 (half filled squares and diamonds rep-
resent original and modified samples, respectively)

of the pore loadings close to one monolayer surface cover-
age θ ≈ 0.15, where pgDg passes the maximum, is probably
caused by the grafted polymers which, in turn, should lead to
a reduction in the Knudsen diffusivity. In case of the modi-
fied samples such parameters as porosity ϕ, tortuosity τ and
pore surface-to-volume ratio S/V may differ as compared
to these values for the original material. More detailed ana-
lytical treatment in this case is not trivial, because the exact
spatial distribution of the grafted polymers at various load-
ings is unknown.

Further decrease of the pore loading from θ ≈ 0.15 to-
wards smaller θ leads to a strong decrease of the effective
diffusivity. This is a direct consequence of the hopping diffu-
sion mechanism along the heterogeneous surface and severe
confinement to which the molecules are subjected with fur-
ther decreasing loading. Depending on the binding energy
distribution of the adsorption sites, the fraction of molecules
occupying highly adsorptive sites is higher for lower surface
coverages, leading to increasing diffusivity with increas-
ing pore loading. In recent papers (Dvoyashkin et al. 2009;
Valiullin et al. 2005b) such surface diffusion processes have
been studied in great detail.

4 Conclusions

Transport properties of cyclohexane in Controlled Pore
Glass 10-75 before and after modification by grafting of
dimethyloctadecylmethoxysilane to the surface has been
performed by means of PFG NMR. For each pore filling
the exact values of the self-diffusivities have been provided.
In both the non-modified and modified glasses significant
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contributions of Knudsen diffusion have been observed, al-
though, in the modified glasses it was slightly reduced due to
the presence of the grafted long-chain molecules. Combina-
tion of the results of nitrogen adsorption, thermogravimetry
and MAS NMR has thus been shown to provide quantitative
information on the modification processes, which allows to
control the degree of modification in a precise way. Alto-
gether, the results of the present studies may be of high rel-
evance in such applications as heterogeneous catalysis and
separation.
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