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Abstract. Surface layers have already been observed by broadband dielectric spectroscopy for composite
systems formed by adsorption of rod-like cyanophenyl derivates as probe molecules on the surface of oxide
particles. In this work, features of the surface layer are reported; samples with different amounts of the probe
molecules adsorbed onto oxide (nano) particles were prepared in order to study their interactions with the
surface. Thermogravimetric analysis (TGA) was applied to analyze the amount of loaded probe molecules.
The density of the surface species ns was introduced and its values were estimated from quantitative
Fourier transform infrared spectroscopy (FTIR) coupled with TGA. This parameter allows discriminating
the composites into several groups assuming a similar interaction of the probe molecules with the hosts of
a given group. An influence factor H is further proposed as the ratio of the number of molecules in the
surface layer showing a glassy dynamics and the number of molecules adsorbed tightly on the surface of the
support: It was found for aerosil composites and used for calculating the maximum filling degree of partially
filled silica MCM-41 composites showing only one dielectric process characteristic for glass-forming liquids
and a bulk behavior for higher filling degrees.

1 Introduction

Studies of molecules confined to nano/micropores have both fundamental and practical interests (for instance [1–3] or a
recent review [4]). The fundamental interest is related to the relevance of a length scale responsible for glassy dynamics,
phase transitions, or in general finite-size effects. The practical one might lead to technological strategies to manipulate
or to stabilize unstable states and/or to obtain new materials with tuned properties. Confinement induces disorder,
decreases transition temperatures, and may change the order of the transition. It is also expected that confinement
and disorder have a considerable influence not only on the structure but also on the molecular mobility and therefore
on the relaxation processes as well, yielding to a change in the bulk-like molecular dynamics. Moreover, structurally
well-defined monolayers on solid surfaces will allow modeling a large variety of interfacial phenomena.

Firstly, the surface layers consist in molecules bonded to particular sites of the materials surface (mostly powdered
oxides). These layers have properties such as certained molecular mobility with characteristic relaxation times, density,
etc. differing from those of the bulk molecules. Secondly, further molecules in a distance from the surface can feel the
influence of this first tightly adsorbed molecules leading to a certain thickness of a layer which is influenced by the
presence of the surface (whole surface layer). This has been discussed in several studies [5–7]. During recent years,
molecules with single functional groups [8] confined to porous host systems have received a particular attention: Thus
there were mostly rod-like molecules for instance cyanobiphenyls which can form liquid crystals (see Aliev [9] and
others [10–13]), further small organics (e.g. refs. [14–19]), polymers [7,20,21] or even water [22–25].

Concerning the methods to investigate surface species, several experimental techniques exist, but only a few of
them can give quantitative information about molecular orientation of the molecules at the interface. However, each
of them has its own shortcomings [26], (operate in high vacuum, require large experimental facilities, usually hardly
discriminate against bulk contributions etc.). Among these techniques, there are electron scattering and electron energy
loss spectroscopy, neutron and X-ray [27] scattering, (synchrotron) X-ray diffraction [28], Brewster angle microscopy,
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Table 1. Hosts used to obtain composites.

Host Structure Chemical SBET specific Pore Pore Obs.

composition surface area diameter ∅ volume Vp

[m2/g] [nm] [cm3/g]

MCM-41-28 MCM-41 Si 1238 2.8 1.15 [6]

MCM-41-36 MCM-41 Si 884 3.6 0.79 [6]

MCM-41-41 MCM-41 Si 411 4.1 0.478 [6]

SBA-15-68 SBA-15 Si 593 6.8 1.009 [6]

AlSBA-15-84 SBA-15 Al, Si 602 8.4 0.9 [5]

SiSBA-15-172 SBA-15 Si 576 17.2 1.9 [5]

AlMCM-41-36 MCM-41 Al, Si 896 3.6 0.978 [5]

AlMCM-41-46 MCM-41 Al, Si 651 4.6 0.917 [5]

AlSBA-15-75 SBA-15 Al, Si 596 7.5 1.1 [36]

NMS-F-102 (a) Si 794 10.2 1.6 [37]

SBA-15-116 SBA-15 Si 890 11.6 1.9 This work

AlMCM-41-29 MCM-41 Al, Si 906 2.9 0.76 This work

A380 Nanoparticles Si 380 – – This work

γAl2O3 Microcrystals Al 196 9.5 0.55 This work

(a)
NMS-F is a nanoporous molecular sieve with foam-like structure.

autocorrelation spectroscopy, Infrared, Raman, or ultraviolet-visible spectroscopy and ellipsometry. Other techniques
are the second-harmonic and/or sum-frequency generation, near edge X-ray absorption fine structure spectroscopy
(NEXAFS) [29], nuclear magnetic resonance, and even computer simulations (see for instance [30]), etc.

Here results are reported concerning cyanophenyl derivatives adsorbed on oxide particles. A significant amount
of information concerning the structure and other properties of these derivatives is retrieved. The obtained results
were compared with data measured for surface species of compounds without cyano groups but with ester groups.
Our previous work was re-considered which was related to the “surface” dynamics of cyanobiphenyl derivatives in
composites based on molecular sieves [6,31] or aerosol [33–35], investigated by broadband dielectric spectroscopy. In
composites based on cyanophenyl derivatives as probe molecules the broadband dielectric spectroscopy evidenced the
existence of a surface layer which have a behavior of glass forming liquids in addition to molecular mobility specific
for the bulk liquid crystal. The characteristic frequency of the relaxation process due to the surface layer is lower than
that corresponding to the relaxation process of the bulk liquid crystal. When the level of the loading decreases under
a certain value (depending on the support type) the slow relaxation process due to the surface layer is only observed.

The density of the adsorbed surface species was introduced here as a characteristic of the confined systems which
depends on the chemical nature of the components and on the host structure. Its values were estimated by FTIR coupled
with thermogravimetry. The value of the surface density discriminates the composites into several groups. This fact
allows assuming a similar interaction of the probe molecules with the surface of hosts belonging to a certain group.

2 Experimental

2.1 Materials

As probe molecules cyanoderivatives of the 4-cyano-4′n-alkylbiphenyl series (from La Roche, Merck, Aldrich) were
used as monocomponents where the length of the alkyl tail was widely varied as follows: ethyl (2CB), propyl (3CB),
butyl (4CB), pentyl (5CB), hexyl (6CB), heptyl (7CB), and octyl (8CB). The nematic mixture E7 (a mixture of 5CB,
7CB, 4-cyano-4′oxy-n-octylbiphenyl and 4-cyano-4′n-pentylterphenyl, from Merck and Qingdao QY Liquid Crystal
Co.) was used as well. As an example for an ester compound pentylphenyl pentylbenzoate, (5PEP5) related to the
discussed cyanoderivatives was also considered for comparison.

Silica or alumino-silica molecular sieves served as host materials to confine the probe molecules. These sieves were
from MCM-41 or SBA 15 type consisting of grains with micrometer size. Each grain contains parallel cylindrical pores
arranged in a 2D hexagonal lattice. Hydrophylic aerosil (Degussa Hüls) of type 380, with a surface area of 380m2/g
and γ-alumina (ICECHIM, see, e.g., [36]) were used as well. The nominal pore diameter was taken as part of the
support name. For instance, a diameter of 2.8 nm of the molecular sieve MCM-41 is indicated as MCM-41-28. Table 1
collects the systems used here for confinement and some of their relevant properties.
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The composite samples were obtained by mixing the cleaned oxide powder with the probe molecules either in
liquid state or via a solution route. Details of the employed procedures can be found elsewhere [31,38]. The excess of
the probe molecules are removed by vacuum desorption. Table 1 lists samples which have been studied in the given
references. Here the corresponding FTIR and TG data are re-considered. Moreover, there are especially prepared
samples to check the correctness of the approach (see below). In the following, the sample label keeps the acronym of
probe molecule and the confining host defined in table 1. This means that E7/MCM-41-28 stands for E7 molecules
confined to MCM-41-28 as host.

2.2 Techniques and equipments

The sample characterization was complex and considered the unfilled host and the confined sample as well. Thus,
the structure and surface morphology of the hosts were studied by X-ray diffraction and by optical and electron
microscopy, while the interactions of the test molecules with the host due to the confinement were investigated by
means of FTIR and reflectance UV-vis spectroscopy.

Nitrogen absorption employing Micromeritics ASAP 2000 was performed in order to obtain the texture informa-
tion. Experimental details can be found elsewhere (e.g. [39,40]). However, it should be noticed that the pore size is
underestimated by this method especially for small pore sizes, because there are one or two layers of nitrogen that
are adsorbed tightly on the surface of a pore (giving Brunauer-Emmett-Teller surface area SBET) before capillary
condensation.

X-ray diffraction measurements allowed phase identification. They were conducted with a D8 Advance (Bruker-
AXS) equipment with CuKα radiation (Kβ radiation was eliminated using a nickel filter). Quantitative data were
obtained by Rietveld refining.

Fourier transform infrared spectroscopy was applied in the attenuated total reflection (ATR) or transmission mode
with a Spectrum BX II (Perkin-Elmer) instrument by collecting 128 scans at a resolution of 4 cm−1.

The content of probe molecules in the composites was determined by thermogravimetric (TG) measurements as
described elsewhere [41]. The weight loss of the composites was measured up to 800K, where the organic material is
burned while the hosts is stable by increasing the temperature up to 973K or even higher. From the value of the weight
loss and the characteristics of the host the loaded amount of organic molecules was estimated [6]. Moreover, a loading
degree can be estimated as ratio of the measured mass of the probe molecules to the maximal mass for complete pore
filling. For non-porous hosts the loading degree is defined as the ratio of the oxide host mass to the mass of the probe
molecules. The TG measurements were performed with Perkin-Elmer Diamond TG-DTA equipment, under dry air
atmosphere with a heating rate of 10K min−1.

3 Method to estimate the density of adsorbed surface species

The amount of probe molecule in 1 g of dried composite [42] (loading degree) was thus determined by thermogravimetry.
The first step in the weight loss curve up to ca 400K is due to the water evaporation. Therefore, in order to determine
the amount of the loaded probe only the weight loss taking place in the temperature interval between 400 and 800K
is considered. When the pores are filled completely, this amount has the maximum value of 100%. However, in some
rare cases, the found value is higher than 100% (see table 2). This is due to an excess amount of probe molecules
which is still existing as bulk material on the host surface or between the grains.

In order to estimate the density of the surface species, the following assumptions are made:

– the filling is uniform in all the pores;
– all pores have the same filling degree;
– the density of the probe molecule is close to 1: ρptobe ∼ 1 g/cm3.

The ratio k is defined by the mass of adsorbed molecules mads, to the mass of free molecules mf (estimated from
FTIR measurements see below):

mads/mf = k. (1)

Furthermore
mads + mf = ΘVpρprobe (2)

holds where Vp is the volume of the pores in 1 g of the host and Θ is the filling degree. The mass of the adsorbed
molecules can be expressed as

mads = (k/(k + 1))ΘVpρprobe. (3)

The surface density of adsorbed molecules or the density of surface species ns is then

na = (mads/Mprobe)NA/S, (4)
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Table 2. The density of the adsorbed surface species for the investigated samples.

No. Sample Θ∗ Mass of loaded k ms Na Obs.

crt. matter in 1g on 1g

of host of host [molecules/nm2] [molecules/100 nm2]

[%] [g] [g]

7 E7/AlMCM-41-29 103 0.782 1.23 0.43 1.05 105 This work

8 5-PEP-5/AlMCM-41-29 217 1.650 1.55 1.00 0.70 70 This work

11 8CB/SiSBA-15-172 15 0.289 4.55 0.23 1.03 103 [5]

14 8CB/NMS-F-102 62 0.992 1.13 0.53 1.37 137 [36]

15 E7/SBA-15-68 63 0.635 0.82 0.28 1.07 105 [6]

16 5-PEP-5/SBA-15-116 25 0.469 1.55 0.28 0.57 57 This work

17 5CB/SBA-15-116 29 0.55 2.0 0.37 0.95 95 This work

18 2CB/SBA-15-116 20 0.308 0.50 0.10 1.04 104 This work

28 5-PEP-5/A380 – 0.172 3.23 0.13 0.61 61 This work

29 2CB/γAl2O3 – 0.377 0.38 0.10 1.58 158 This work

33 5-PEP-5/γAl2O3 – 0.266 2.78 0.20 2.2 220 This work

•
Filling degree higher than 100 is met in the case of an excess of probe molecules still existent on the surface.
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Fig. 1. FTIR spectrum in the range of the -CN stretching vibration for the sample 2CB/SBA-15-116 and its decomposition into
the different contributions using Gaussians (dot-dashed lines). The numbers correspond to the wavenumbers of the maximum
positions.

where NA is Avogadro’s number, Mprobe is the molecular mass of the considered probe molecule and S is the surface
area (in m2) of 1 g of the host. na can be estimated using eq. (4) because all the other parameters are known or can
be determined from experiments.

4 Results and discussion

To estimate the ratio of the mass of adsorbed probe and the mass of nonbonded molecules the composite samples are
investigated by FTIR. Figure 1 gives a representative IR spectrum of a composite sample in the wavenumber range
of the stretching vibrations of the cyano group [43]. The peak is complex and can be decomposed into Gaussians
attributed to different species such as (in the order of decreasing wavenumber) dimer [44] and monomer bulk-like
species around 2226 cm−1, tilted species appearing at ca. 2230 cm−1 [45,46], species absorbing at higher wavenumbers
than 2230 cm−1, are those interacting to the hydroxyl groups of the surface of the host by hydrogen bonds, or species
coordinately bonded to Al ions absorbing at around 2270 cm−1 [36]. The deconvolution procedure of the IR absorption
peaks allowed to estimate the area under the peaks belonging to the different components.

For a quantitative discussion of the FTIR spectra of confined cyanophenyl molecules one should keep in mind that
the molar absorptivities of the bonded and free CN groups which can be different are not available so that a direct
comparison of the integrated intensities is not possible. Nevertheless from the fits the areas under the peaks for the
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Fig. 2. TG curve of the sample 2CB/SBA-15-116 and its derivative. The solid lines indicate the temperature range which is
used to estimate the amount of the loaded molecules.

bulk-like contribution Abulklike and for the strongly interacting probe molecules Asurface are obtained (see also [6]).
Since the area is proportional to the number of molecules, the ratio of the two areas would correspond to the ratio of
the mass of the species responsible for the absorptions if the absorptivties are assumed to have the same value.

Therefore, the parameter k mentioned above can be estimated and further the density of surface species can be
calculated.

It is found [6] that the interaction parameter k depends on the pores size. (see also table 1). For the interaction of
the molecules with the pore walls, not only the pore size is relevant but also the available surface area. The BET surface
area includes the outer surface of the grains and the inner surface inside the pores. Nevertheless, the contribution of the
outer surface to the whole specific BET area is less than 8% and can be neglected in the most cases. IR spectroscopy
distinguishes between the hydrogen bonded and bulk-like molecules ([43,44] and the literature cited herein).

The decomposition process of the peaks in the IR spectra was performed in the case of the composites with 5-PEP-5
too. In that case the stretching vibration of the ester group [47] and especially its carbonyl part [7] is considered as in
related cases.

Figure 2 shows the thermogram corresponding to the same sample as depicted in fig. 1. Several processes can be
observed which can be ascribed to water desorption, thermal decomposition of different parts of the adsorbed molecule
and to desorption processes [41]. The hydration level is less than 1%, confirming that the mesopores are filled with
probe molecules, while the water adsorbed onto the external surface is negligible. By this way one can estimate the
amount of the probe molecules in the composite. Then the estimation of the surface density of probe molecules bonded
to the surface is straightforward according to the eq. (4): The results are presented below in table 2 (the composite
samples were mostly arranged according to their hosts) and in figs. 3 and 4. The values for some samples come from
the references reported (for the supports in table 1) but the most of the data were obtained in this work.

Figures 3 and 4 illustrate the surface density of molecules adsorbed onto different composites. Thus, in the com-
posites based on aerosil A380 and probe molecules of the cyanobiphenyl series, the variation of the estimated density
of surface species as function of the alkyl chain length is shown in fig. 3. A clear dependence of na on the chain length
is observed. For 2CB, 3CB and 4CB a value of na of 0.80molecules/nm2 was estimated while for the composite with
6CB, 7CB and 8CB na has a value of 0.50molecules/nm2. 5CB is placed in between in both groups of probe molecules
with a na value of 0.66molecules/nm2. This can be understood by considering that the longer alkyl tail will shield
possible adsorption sites. The na value of 0.66molecules/nm2 is close to that found for the probe molecule 5-PEP-5
(table 2) which is even more bulky than cyanobiphenyls. Figure 4 shows the density of surface species adsorbed onto
supports with different aluminum content. The Al ions having complexing properties might bond additional probe
molecules than the OH groups on the silica surface [48].

The following conclusions are drawn from the na values given in table 2 and figs. 3 and 4: The composites with
a support structure of MCM-41-type with different pore sizes and the probe molecules of E7 have na values of 0.66–
0.7molecules/nm2. The alkyl chain of the molecules in E7 has at least 5 methylene groups. Thus, the molecules of
this mixture might be compared with those of other probes like 5CB or higher cyanobiphenyl homologous molecules
for the composites containing A380. The values of na for 5CB/A380 composites calculated with a specific surface area
of 380m2/g of A380 are in accordance with the na value for E7/MCM-41-36. These results suggest that the bonding
of the molecules to aerosil is not influenced by the expected agglomeration of the silica particles. The values of na in
the case of Al containing molecular sieves, were found higher than for those containing only Si.

In the composites of SBA-15-68 with E7, the na values are close/a bit greater than 1molecules/nm2 although the
molecular sieve is built also from silica as in the case of aerosil. In fact, a similar behavior is shown for all molecular
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Fig. 3. Dependence of the density of surface species as function of the number of carbon atoms in the alkyl chain of
cyanobiphenyls in composites based on aerosil A380. The lines are guide for eyes. The three values for the sample 8CB/A380,
correspond to different loading degrees.

0 50 100 150 200

0.5

1.0

1.5

2.0

 

 

5CB/AlMCM-41-29      
2CB/AlMCM-41-29(1); 2CB/AlMCM-41-29(2)   
8CB/AlSBA-116;      E7/AlMCM-41-29

8CB/AlMCM-41=46
8CB/AlMCM-41-36

E7/ Al2O3

5CB/ Al2O3(1)
5CB/ Al2O3(2)

E7/MCM-41-28
E7/MCM-41-36
E7/MCM-41-41

D
en

si
ty

 o
f s

ur
fa

ce
 s

pe
ci

es
 (m

ol
ec

ul
es

/n
m

2 )

Si/Al ratio

Fig. 4. Dependence of the density of surface species as function of the Al content in the samples of indicated type. For simplicity,
the samples containing only silica were represented as having Si/Al=200. The line is guide for eyes.

sieves of the SBA-15 type investigated here. This fact gives a hint on the influence of the structural details (pore size,
molecular volume) on the adsorption of test molecules on these materials.

At the same time, in the composites where the oxide support contains Al ions, na goes from ca. 1molecule/nm2

for AlMCM-41-29 and SBA-15-116, with 5CB to ca. 2.1molecules/nm2 for γ-Al2O3 with 5CB or E7.
Composites of 8CB/A380 with various loadings [36] as studied by dielectric spectroscopy have shown the same

value for na. At the same time the mass ratio of aerosil/8CB where the relaxation process characteristic for the bulk
disappears is aproximately 7 while the whole amount of 8CB which is completely adsorbed for a mass ratio aerosil/8CB
of ca. 10 (see fig. 3, in which almost the whole amount of probe molecule is bonded to the host surface for the 3rd
8CB/ A380).

Taking into consideration the behavior of the surface layer and its dielectric properties, one can define an influence
factor H as the ratio of the number of molecules in the surface layers showing a glassy dynamic behavior and the
whole number of molecules adsorbed on the surface of the support. This influence factor depends on the interaction
of the molecule with the host surface and of the molecules themselves. For the composite aerosil/8CB discussed above
having the value 7 for the ratio aerosil/8CB, the factor H reaches the value 1.47. To find a possible relevancy of such
a parameter we used it to estimate the value of the filling degree Θ so that bulk relaxation behavior does not begin
to manifest itself. One test was performed for a series of MCM-41 molecular sieves (with the diameters of 28, 36, 41,
respectively), filled with E7 probe molecule given the similar chemical nature of aerosil and these MCM-41 samples.
The estimation took into consideration the specific area of the molecular sieve and the value of na as resulted from
the data already reported [5]:

Θ =
HSna

NA

Mprobe

Vpρprobe
100.
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The value for E7 (as probe molecule) mass and for the filling degree were smaller than those reported; this fact
explains the existence of the bulk-like relaxation processes even in these molecular sieves which are partially filled. For
a second test the upper filling degree up to which the dielectric relaxation of the bulk is not present was estimated
starting from the characteristics of AlSBA-15 and SiNMS-F molecular sieves filled with 8CB. The results found for this
upper limit of filling factor are 47% and 28.9% (23.7%) respectively and these values are higher than those reported
for AlSBA-15 (43%) and SiNMS-F (15%) which shows only one dielectric relaxation process characteristic for glass
forming liquids.

The volume available for an 8CB molecule as it results from its density is ca. 0.480 nm3. If one takes the length of
the molecule as being ca. 2.2 nm into account, one finds a value of ca.0.22 nm2 for the cross section area of the 8CB
molecule. If the cyanophenyl molecules were anchored normal to the oxide support surface the surface density should
be ca. 4molecules/nm2. The much smaller values found for the surface density na along with the estimated thickness
of the probe molecule layers in the molecular sieves [5] indicate a tilted anchoring of these molecules to the support
surface. Such a tilted anchoring was recently found by Velarde and Wang [49], which have shown that the cyano group
in a Langmuir monolayer of 4-cyano-4′n-pentylterphenyl is tilted around 25◦ ± 2◦ from the normal of the interface,
while that in the 4-n-octyl-4′-cyanobiphenyl (8CB) is tilted around 57◦ ± 2◦, which is consistent with the significant
differences in the phase diagrams and in the hydrogen bonding spectra reported in the literature [49]. The need of
having 4 neighbors for a bulk-like liquid behavior is already demonstrated [50]. Moreover, the tilting might go up to
positioning parallel to the pore walls [51,52].

The samples with 5PEP5 show a density of the surface species similar to those loaded with cyanophenyl derivatives.
This fact along with the position of the carbonyl group (responsible for the molecule bonding to the support surface)
in the middle of the molecule can be taken as arguments that the molecule lays at small angle on the surface as it was
discussed above in the case of cyanophenyl derivatives.

5 Conclusions

Properties of the surface layer in composites containing cyanophenyl derivatives as probe molecules and oxide
(nano)particles were discussed in connection with their interfacial interactions. Thermogravimetric analysis (TGA)
gives the amount of the probe molecules adsorbed on the oxide particles. Data of infrared spectroscopy deliver infor-
mation on the interaction strength with the oxide surface and the type of bonding to the surface.

Two parameters were proposed: The first one was the density of the adsorbed surface species ns which was
introduced to characterize the interaction of the probe molecule with the surface. This parameter depends on the
nature of the oxide nanoparticles and on the existence of nanopores.

The second parameter is influence factor H which is proposed as the ratio of the number of molecules in the surface
layers with the glassy dynamic behavior and the number of molecules adsorbed on the support surface. The H value
was estimated for 8CB/A380 composites and it was used for calculating the maximum filling degree of partially filled
E7/MCM-41 composites for which the bulk behavior is missing and only the dielectric behavior characteristic for a
glass forming liquids is observed.

Author contribution statement

All authors contributed equally to the paper.

Part of the authors (LF, SF, CPG, and IZ) is indebted to the Romanian Authority for Higher Education, Research, Development
and Innovation for financial funding under the Project PN 09450103 belonging to CORE Program. Thanks are given to Prof.
V.I. Parvulescu (Bucharest University, Romania) for nitrogen absorption measurements.

References
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