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CHEMISTRY

Adsorption of vapours of benzene, toluene, p-xylene, aniline, hexane and chloroform in LB films of two novel
calix[4]resorcinarene derivatives was studied in situ using quartz-crystal microbalance (QCM), ellipsometry and
surface plasmon resonance (SPR) techniques. Isotherms of adsorption obtained by both QCM and SPR show
that the adsorption ability depends on the condensed vapour pressures of the adsorbates rather than on a
structural coincidence between host cavities and guest molecules. The results were interpreted in terms of
capillary condensation of organic vapours in the nanoporous matrix of calixarene LB films accompanied by
film swelling. Ellipsometric measurements show changes of both the thickness and refractive index of the LB
films caused by adsorption, and thus confirm condensation and further accumulation of liquid adsorbate within
the film matrix. Unusual adsorption kinetics were observed only when the vapour injection technique was used
and their occurrence is believed to be caused by initial vapour condensation on the film surface. This can be

eliminated by measurements under constant vapour flow.

Introduction

Atmospheric detection of odorant vapours of organic com-
pounds is one of the most important problems of environment
monitoring. A number of vapour sensors'® and sensor
arrays'®!® have been developed during the last few years.
The majority of these sensors are based on the use of different
polymer coatings’>>%!112 and employ several transduction
techniques, such as, using a mass sensitive quartz crystal
microbalance (QCM)"*%7!3 and surface acoustic wave
(SAW)*® devices, ChemFETs (chemical field effect transis-
tors),” conductivity’*>!> and interdigitated capacitance'
measurements. It was shown recently that some novel cavitand
compounds such as crown ethers® and calixarenes'*!> can form
inclusion complexes with some organic guest molecules, and
this effect can be used for the development of sensors for
organic vapours.'¢2°

Several attempts to study the adsorption of organic vapours
within thin calixarene films formed with different techniques,
including LB film deposition, spin coating and self-assembly,
have been made.'®?? In recent publications®**? we have shown
that the vapours of benzene and toluene, as well as some
hydrocarbons (hexane), can be adsorbed at calixarene
Langmuir—Blodgett (LB) films. This adsorption process is
very fast, and full recovery of the film has been observed after
flushing with clean air. It has to be pointed out, however, that
the detected vapours were of a high concentration (a few
percent in volume) and the adsorption was not selective since
all vapours studied yielded a similar response. These effects are
attributed to weak and non-specific interactions between guest
molecules and the calixarene LB film. It was also shown that
the adsorption of organic vapours occurs in the whole bulk of
the LB films, and that the number of adsorbed molecules is
much higher than the number of calixarene molecules.?! The
proposed mechanism of adsorption included swelling of the
film and even condensation of adsorbate within the film. The
swelling of the film has been confirmed directly by ellipsometry
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and surface plasmon resonance (SPR) measurements.?"*>> but
the mechanism of adsorption is still unclear.

Difterent calix[4]resorcinarene derivatives have been depos-
ited by self-assembly and spin-coating techniques onto QCM
and SAW devices, and their response to various organic
vapours has been studied.?* Although a few particular
calixarene—vapour combinations have shown a high selective
host-guest type molecular recognition, the majority of
calixarene compounds have resulted in a more or less similar
response to different organic vapours. It seems that the
cavitand nature of sensing molecules is not necessary for this
mechanism of adsorption, since a similar effect has been
observed in phthalocyanine LB films in response to their
exposure to toluene vapours.**

The presence of alkyl chains is important for this type of
complexation. All the organic guests investigated are solvents
in the liquid phase, and they can therefore interact with the
alkyl chains of amphiphilic calixarene derivatives. This has
been proved by NMR spectral measurements of the complexa-
tion of toluene with phosphorylated calix[4]resorcinarenes. In
contrast, thin films of unsubstituted calix[n]arenes, produced
by vacuum evaporation, show a permanent binding of benzene
derivatives, possibly, due to the formation of inclusion
complexes.”®

In our previous study of the adsorption kinetics using
ellipsometry and SPR, an initial sharp response on vapour
injection followed by a decay and stabilisation has been
recorded.?"?? It was suggested that such unusual adsorption
kinetics could be attributed either to formation of liquid state
adsorbate on the film surface or to some possible experimental
artefacts.

Taking into consideration all known experimental facts, we
can assume a more complex adsorption mechanism. This
includes, in addition to the conventional host-guest binding
within calixarene cavities, the interaction of guest molecules
with alkyl chains, their penetration into the film bulk through
pores, as well as their further condensation inside the film in a
liquid state. In order to prove this mechanism, the adsorption
of different organic molecules such as aromatic compounds
(benzene, toluene, p-xylene, etc.), hydrocarbons (hexane) and
chloro-hydrocarbons (chloroform), in LB films of several
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calixarene derivatives was studied using a number of methods
including QCM, ellipsometry, and SPR.

Two amphiphilic calix[4]resorcinarene derivatives were used
in the present study. These are phosphorylated and azobenzene
substituted compounds, referred to throughout the text as P-
C[4]RA and Azo-C[4]RA, respectively. The chemical structures
of these compounds are shown in Fig. 1. The synthesis of these
calixarene derivatives has been described previously.?>?’ P-
C[4]RA molecule has a boat-like conformation,” while Azo-
C[4]RA forms a cone with the cavity extended by the presence
of four azobenzene groups.?’ The difference in the shape of
these two compounds may cause variation in their adsorption
properties.

Film preparation and experimental details

Langmuir—Blodgett films of the compounds mentioned above
were produced using a NIMA 622 LB trough equipped with a
Wilhelmy balance system. Floating layers of C[4]RA deriva-
tives were formed onto the surface of Milli-Q water by
spreading a 0.5 mgml ™' solution of these in chloroform. Y-
type LB films were transferred onto hydrophobic substrates at
a constant surface pressure of about 20 mN m ™! and a dipping
speed of 10 mm min~! for both down- and up-strokes. To
make the substrates hydrophobic, the silicon wafers and the
quartz crystals used were exposed previously to hexamethyldi-
silazane vapours as described earlier.?!*> Glass slides with
freshly evaporated 45 nm thick gold layers, having a good
hydrophobic surface, were used as prepared.

The QCM set-up, consisting of an electrical oscillating circuit
and a gas chamber, was made in-house. Certain concentrations
of odorant vapours, in particular toluene and hexane, were
prepared within the chamber by injecting the required amount
of liquid toluene and hexane. The frequency of the quartz
oscillator (which was in the range 10-11 MHz) was monitored
using a frequency-counter, and readings were taken twice

R= CyiHaz; X= N\
N NO,

Fig. 1 Chemical structures of (a) P-C[4]RA and (b) Azo-C[4]RA
derivatives.
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before an exposure and under steady state conditions, when
evaporation of the liquid droplet within the chamber was
complete and the equilibrium vapour concentration had been
formed.

Ellipsometric measurements were carried out using a zero-
type LEF 3M instrument equipped with HeNe (632.8 nm)
laser source and a specially designed gas cell described
previously.?! Both polariser and analyser were fixed at
positions (angles) of Py, and A, respectively, providing the
minimum of the output light intensity. Initial values of the
thickness (d) and refractive index (n) of the film were
calculated from Py and Ay. In order to follow the adsorption
kinetics, the photodetector output signal was monitored on a
chart-recorder during the injection of vapour into the gas
cell. When steady state adsorption was reached, a new set of
readings (4, P;) were taken and new values of d and n were
calculated. Certain concentrations of vapour were achieved
by diluting saturated vapour with air.

SPR measurements were carried out using the Kretschmann
type 0-20 rotated stage experimental set-up described pre-
viously.?? The samples were brought into optical contact with
the equilateral prism using an index-matching liquid (ethyl
salicylate from Aldrich). A p-polarised HeNe laser beam
(2=632.8 nm) was used for excitation of surface plasmons. A
gas cell, sealed at the sample through a rubber O-ring, was used
to study vapour adsorption in the calixarene LB films. Kinetic
SPR measurements of the intensity of reflected light at the fixed
angle 0*, chosen near the SPR minimum on the left side of the
SPR curve, were performed in situ during exposure to organic
vapour.

In order to study the adsorption kinetics in detail, three
methods of vapour preparation were employed in the SPR
measurements: (i) injection of vapours at a certain concentra-
tion, prepared by dilution of the saturated vapours, into the gas
cell; (ii) injection of a small amount of liquid solvent into the
gas cell and the slow formation of the saturated vapour during
its evaporation; and (iii) measurements in a constant vapour
flow. A Standard Vapour Generator (A.I.D. model 350) was
used in the latter case. The vapour concentration was
calculated for a particular solvent at a certain temperature,
knowing the geometrical dimensions of the diffusion sample
tube used.”®

Results and discussion
QCM study of adsorption of vapours

The oscillating frequency of quartz crystals coated with
calixarene LB films was monitored during their exposure to
toluene and hexane vapours. Changes in the mass of quartz
crystals (Am/gcm™?), caused by adsorption of the vapours,
were calg}llated from the frequency shift (Af/Hz) of QCM as in
eqn. (1).

Af

Am=—
" T 2261062

(1)
where fo (10-11 MHz) is the nominal frequency of quartz
crystals. This formula was derived from the Sauerbrey
equation,? based upon an ideal mass approach and valid for
thin films causing frequency changes not more than 1% of its
nominal value. The concentration of adsorbed guest molecules
N,qs can be calculated from eqn. (2).

AmNA
—_— 2
AdM )
where N4 is Avogadro’s number, A4 is the area of the quartz
crystal, d is the thickness of LB coating and M =92 and 84, the
molecular weights of toluene and hexane, respectively. Know-
ing the concentration of calixarene molecules in the LB films,

Nads =
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Fig. 2 The results of QCM measurements of P-C[4]RA LB films (20
layers) on exposure to toluene and hexane vapour of various
concentrations.

one can calculate the number of adsorbed guest molecules per
calixarene moiety.

Fig. 2 shows typical results obtained by QCM measurements
on quartz crystals coated with LB films (30 layers) of P-C[4]RA
when exposed to toluene and hexane vapour of various
concentrations. The mass gain was found to increase
monotonically with increasing vapour concentration up to
a saturation level, indicating a bulk adsorption mechanism.
It can be also seen from Fig. 2 that the adsorption of toluene
vapour is more efficient than hexane. The number of
adsorbed molecules per calixarene unit was found to be
about 10 for hexane and 20 for toluene at the pressure of
0.9 Ps. This corresponds well to the results obtained
previously on the adsorption of benzene in C[4]RA LB
films.?! The numbers of adsorbed molecules found are much
greater than those expected from the geometrical dimensions
of the intrinsic calixarene cavity and the empty space
between molecules. In order to explain this discrepancy,
we have to assume either film swelling or condensation of
vapour inside the film or both.

Ellipsometric study

Further experimental evidence of vapour condensation, as well
as film swelling, can be obtained using ellipsometry. These
measurements were done using the vapour injection technique.
Fig. 3 shows typical results of ellipsometric kinetic measure-
ments for P-C[4]RA LB film (20 layers) during exposure to
hexane vapour at different concentrations. The results consist
of a very fast response followed by a similarly fast complete
recovery on flushing with air. The origin of the initial sharp
response observed will be discussed later. The value corre-
sponding to the steady state of adsorption, achieved in 20-30 s,
was found to depend on the concentration of hexane vapour.
Very similar behaviour was observed in the case of toluene
vapour. The readings of both the polariser and analyser angles
were taken at the adsorption steady state condition, and the
ellipsometric parameters ¥ and A were then calculated.
Calculations of film thickness (d) and refractive index (n)
were performed by numerically solving the reverse ellipso-
metric problem [eqn. (3)]*°

tan ¥ exp(id) =1 (3)

by using a least-squares fitting technique. In the above
equation, ¥ and 4 are, respectively, the amplitude ratio and
the phase shift of p- and s- components of polarised light
reflected from the film surface. Reasonably thick LB films (20
layers) were used in these experiments in order to avoid
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Fig. 3 The kinetics of the photodetector signal in ellipsometric
measurements on P-C[4]RA LB films (20 layers) in response to
injection of hexane vapour.

thicknesses less than 10 nm, which leads to very poor resolution
for the simultaneous determination of both n and d. A value of
k=0 for the extinction coefficient was used for these
calculations since calixarene films are transparent at 632.8 nm.

The initial #» and d values for P-C[4]RA LB films were found
to be of 1.46 and 13.8 nm, respectively, which corresponds well
to the results obtained previously for the LB films of
unmodified C[4]RA.?!
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Fig. 4 The dependences of the optical parameters of P-C[4]RA LB

films (20 layers) on the concentration of toluene and hexane vapours:
(a) refractive index, (b) film thickness.

J. Mater. Chem., 2000, 10, 189-194 191



0.00186

0.00121

0.0008

Photodetector response/V

0.0004 4
0 100 200 300

tis

Fig. 5 The kinetics of SPR response of Azo-C[4]RA LB films (4 layers)
to benzene vapour of various concentrations: 1) ps, 2) ps/10, 3) ps/100,
4) ps/1000, 5) ps/10000.

Fig. 4 shows the changes of both the thickness and refractive
index of LB films of P-C[4]RA in response to toluene and
hexane vapours of various concentrations. The film thickness
was found to increase monotonically with the vapour
concentration confirming the assumption of film swelling.
However, relative changes of the thickness, falling in the range
of 10%, are still not enough to provide the room required for a
few tens of guest molecules per one calixarene unit. Condensa-
tion of vapour inside the film should, therefore, be taken into
consideration.

As seen from Fig. 4, adsorption of toluene results in an
increase of n from 1.46 (for unexposed LB film) to 1.49 on
exposure to a nearly saturated vapour pressure. On the
contrary, exposure to hexane vapour leads to a decrease in n
value down to 1.43 at saturated pressure level. These results can
be explained in terms of accumulation of liquid solvents within
the film bulk. In the case of liquid toluene having n=1.49, the
effective refractive index of the film increases from its initial
value 1.46 with an increase of toluene content. In contrast,
accumulation of liquid hexane (n=1.37) leads to a decrease in
the effective n value for calixarene LB films.

Similar results have been obtained recently on thin films of
poly(dimethylsiloxane) using spectroscopic ellipsometry.®! Tt
has been found that exposure of the films to tetrachloroethane
and toluene vapours causes an increase in refractive index,
while cyclohexane, having n similar to that of the polymer, did
not produce any significant changes.

SPR measurements

The adsorption of different organic vapours was studied using
SPR measurements on gold-coated glass slides with LB films of
Az0-C[4]RA deposited on them. Typical responses on exposure
to benzene vapour at different concentrations are shown in
Fig. 5. The kinetics of the response are similar to those
observed here using ellipsometry (see Fig. 3) and also similar to
results reported previously.>!?*> The features of these adsorp-
tion kinetics will be discussed later. Other vapours, such as
toluene, p-xylene, aniline, hexane and chloroform, have also
been studied and show similar behaviour.

The values of the response for different vapours (in the form
of relative changes of the reflected light intensity), correspond-
ing to steady state conditions, are summarised in Fig. 6. Two
important features of the adsorption isotherms presented in
Fig. 6 should be identified. Firstly, all isotherms show
Langmuir adsorption (typical of thin films of absorbent®?)
over a wide range of concentrations up to 0.1 pg (with pg the
saturated vapour pressure) with a sharp increase of the
response at pressures of about 0.2 ps. The latter can be
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Fig. 6 Isotherms of adsorption of different organic vapours in Azo-
C[4]RA LB films obtained with SPR.

attributed to an effect similar to capillary condensation in
porous absorbents.*? Secondly, the relative response correlates
well with the saturated vapour pressure (ps) of the vapours
studied in the following sequence: chloroform (ps=190
mmHg), hexane (160 mmHg), benzene (75 mmHg), toluene
(20 mmHg), p-xylene (3 mmHg), aniline (<0.5 mmHg).

Capillary condensation phenomenon

All the results presented above, as well as those published
earlier,”’*? can be explained by the condensation of organic
vapours in the nanoporous matrix of calixarene LB films. This
phenomenon, usually observed in porous media, rests in the
condensation of vapour inside the capillaries at pressures lower
than their saturated pressure (ps) at a certain temperature.’
The change of pressure required for vapour condensation can
be described by Kelvin’s equation for cylindrical pores®
[eqn. (4)]:

21
P =Ps exp (_W/" cos 9) 4)

where p and pg are the saturated vapour pressure inside the
capillaries with a radius r and in normal conditions,
respectively. ¥ is the molar volume and vy is the surface
tension of the adsorbate and 6 is the wetting angle in the
capillary. This model can be extended to the case of
nanoporous systems like the calixarene LB films with a
characteristic pore size of about 1nm. Knowing the
parameters V' and 7y for particular adsorbates at room
temperature and assuming full wetting of the pores by the
solvents (0 =0), one can estimate p as 0.2-0.3 ps. This means
that condensation of solvent vapours in calixarene LB films
may start at pressures of about 0.2 ps, what is exactly
observed in the current experiment (see Fig. 6).

The observed correlation between the values of the relative
response and saturated vapour pressure becomes more under-
standable now, since more volatile solvents, having higher ps,
will be condensed more easily. From this point of view,
measuring vapour concentration in ps units seems to be more
appropriate than in absolute values such as ppm. Simple
calculations, based on an ideal gas approach, show for
instance, that the saturation vapour of benzene is equivalent
to 98000 ppm, compared to 4000 ppm for p-xylene and
800 ppm of aniline.

Adsorption kinetics

The results of the ellipsometric and the SPR kinetic measure-
ments of vapour adsorption, shown, respectively, in Fig. 3 and



S, as well as earlier published data, have a characteristic initial
sharp increase of the response followed by a decay and
stabilisation after 20-30s. The height of the initial peak
depends on the concentration of the injected vapour, which
indicates the link between this effect and vapour condensation
phenomenon. However, there is a number of possible artefacts,
which can influence the kinetics of the response. It has been
shown earlier®!"?? by experiments on bare gold surfaces that
light scattering on the turbulent vapour flow within the gas cell
is negligible, as is condensation of vapour on gold surface. The
leakage of vapour from the gas cell, as another possible
artefact, has been ruled out due to extra care taken in sealing
the gas cell. Condensation of vapour on the gas cell walls is also
possible, and this could cause an undesirable decrease of
vapour pressure inside the cell.

Since the unusual kinetics were observed only in the case of
using the vapour injection technique, two other methods of
vapour preparation have been elaborated. Fig. 7 shows the SPR
response of an Azo-C[4]RA LB film on exposure to saturated
vapours of hexane, chloroform and toluene, formed within a
gas cell by evaporation of a small droplet of the corresponding
liquid solvent. The opposite type of kinetics observed here can
easily be explained by the increasing vapour pressure (up to the
saturation level) during the evaporation of liquid solvent. With
this method it is difficult to control precisely the amount of
injected liquid, which is required to form particular vapour
concentrations lower than the saturated value.

On the contrary, the method of running a constant vapour
flow into the gas cell using a Standard Vapour Generator seems
to provide the best option. The results obtained using this
technique and presented in Fig. 8 show the absence of kinetics
of both types, ie. the sharp initial peak and the slow and
gradual increase of the response. The response to a constant
vapour flow is very fast as is the decay of the signal on flushing
with a constant flow of nitrogen. A response time of about 10—
12 s was found, much higher than a time of about 1 s required
to fill the 2.5 cm® gas cell under a flow rate of 150 cm® min™".
Thus, the characteristic adsorption time constant is of the order
of 10 s. It can be concluded therefore that the observed unusual
kinetics of the response are due to the method of injection of a
highly concentrated vapour. The mechanism of this kind of
kinetics is caused, possibly, by the initial vapour condensation
on the surface of the calixarene LB film with subsequent
diffusion of the adsorbents inside the film matrix.

Concluding remarks

Adsorption of several organic vapours, such as benzene,
toluene, p-xylene, aniline, hexane and chloroform, in Lang-
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Fig. 7 SPR response on exposure of Azo-C[4]RA LB films (4 layers) to
saturated organic vapours formed by evaporation inside the gas cell.

7410 —————

7.3x10*

7.2¢10*

Photodetector response/V

7.1x10%

7o
0 00 200 300 400 500

t/s

Fig. 8 SPR response of Azo-C[4]RA LB films (4 layers) to a constant
flow of toluene vapour of concentration of 180 ppm.

muir-Blodgett films of two novel calix[4]resorcinarene deriva-
tives were studied using QCM, ellipsometry and SPR
experimental techniques. In line with the results obtained
earlier for LB films of unmodified C[4]RA, fast and fully
reversible response on exposure to high concentrations of
organic solvent vapours has been established. The large
number of adsorbed molecules per calixarene unit found
with QCM measurements, along with the ellipsometry results,
allow us to assume film swelling and accumulation of liquid
solvent in the film bulk. Sublinearity of the adsorption
isotherm, obtained with SPR, also indicates condensation of
vapours within the film. It should be noted that the
accumulation of liquid solvent within the calixarene film may
make it less rigid and introduce non-linearity in the Am (Af)
dependence for the QCM method.?® However, the observed
mass changes (see Fig. 3) of about 1 pg are well below the limit
of linearity of QCM, which is about 100 pg for the quartz
crystals used. The validity of using eqn. (1) is further supported
by our earlier observation of the linear dependence of Am on
the number of LB layers for C[4]RA films after exposure to
saturated benzene vapour.?! Analysis of the results obtained
allows us to propose the following mechanism of adsorption of
organic vapours in LB films of calix[4]resorcinarene deriva-
tives. Calixarene LB films consist of a nanoporous matrix
formed by the intrinsic calixarene cavities, and the empty
spaces between the molecules and between the substituent alkyl
chains. Organic vapours can penetrate through these pores
inside the film matrix and condense there. This is accompanied
by film swelling and changes in the film refractive index with
respect to the refractive index of adsorbed liquid. Because the
size of the pores is in the nanometre range, condensation of
vapour may take place at pressures much lower than the
corresponding saturated limit, particularly at 0.2 ps, according
to the Kelvin equation [eqn. (3)]. The proposed adsorption
model does not contradict the conventional host—guest
mechanism of molecular recognition, but complements it in
the high vapour concentration range. Recent results of an SPR
study of the exposure of thin spin coated films of seven different
calixarene derivatives to a constant flow of four different
vapours (benzene, toluene, ethylbenzene and p-xylene), pro-
duced by a standard vapour generator, show very good
agreement with the proposed model.** In particular, a
correlation between the SPR response and pg values of the
vapour used was found there.

The technique of vapour injection, used in the present
study, as well as in our earlier publications, yields an
additional sharp initial increase of the response, possibly due
to initial vapour condensation on the film surface. The
constant vapour flow technique eliminates this unusual
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kinetic behaviour and consequently would be preferred for
further experiments.
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