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The development of receptor-based chemical sensors
for gas sensing, and in particular for monitoring vola-
tile organic compounds (VOCs) is widely determined
by the sensitive properties of the coating material. There-
fore, the design and characterization of new chemically
sensitive materials continues to be an active area of re-
search [1, 2]. Mass-sensitive devices such as the quartz
microbalance (QMB) are versatile devices to study the
sensor characteristics of different coating materials, such
as polymers [3–5], supramolecular compounds for
mono- [6–9] and multimolecular inclusion [10–12],
thin self-assembled films [13], liquid crystals [14] or
coordinating compounds [15].

With reference to the QMB its main component is
the piezoelectric quartz crystal as mass-sensitive trans-
ducer, usually a temperature compensated cut (AT) de-
rived from a quartz single crystal, as it is mass-manu-
factured for electronic applications [16, 17]. For gas
sensing applications the quartz crystal is an external
component of an oscillator circuit operating in its fun-
damental thickness shear mode at a frequency ranging
from 1 MHz up to 30 MHz [18]. In view of their acous-
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Abstract. The performance of new crystalline inclusion
hosts as chemical sensitive coatings for the detection of or-
ganic solvent vapours was investigated by using 10 MHz
thickness shear mode resonators as mass-sensitive trans-
ducers. The crystalline host compounds under study consist
of a characteristic 9,10-dihydro-9,10-ethanoanthracene
framework with appended diarylmethanol clathratogenic
groups 1, 2 or an analogous subunit 3. Relating to the selec-
tivity of inclusion formation a database was generated con-
sisting of the calibrated sensor responses from nine substi-
tuted versions of this host to each of seven organic solvent
vapours (and humidity). From molecular shape, polarity and
lipophilicity preferred inclusion selectivity was found for al-
cohol vapours, in particular for ethanol and methanol, thus

tic wave propagation these transducers are denoted as
thickness shear mode resonators (TSMR). Frequently
used TSMRs operate at a resonant frequency of 10 MHz
(quartz plate thickness 168 µm).

First theoretical investigations of mass-frequency re-
lation was carried out by Sauerbrey, who derived a lin-
ear relationship between the frequency and small added
masses onto the active area of the TSMR [19, 20]:

with the frequency shift ∆f (in Hertz), and ∆m/A the
surface mass loading in grams per square centimetre.
The constant C is defined as the mass sensitivity or cali-
bration constant and relates to the fundamental frequen-
cy f0 in Hertz, and two material constants of the quartz
crystal (density ρ = 2,650 g/cm3, share wave velocity
u = 334 000 cm/s). The Sauerbrey equation is valid up
to mass changes of 2% of the whole plate mass and the
frequency shift, respectively.

For the 10 MHz TSMRs used in this study (C =
2,26 108 cm2 Hz–1 g–1; A = 0,25 cm2 ) average shifts due

indicating the predominant role of hydrogen bonding inter-
action. The inclusion of guest molecules with higher molar
volumes was frequently accompanied by slow inclusion rate
and sensor response, respectively. By decreasing the host size
a general decrease of the sensor sensitivities were observed,
but the selectivity (sensitivity pattern) is shifted to smaller
molecules, and inclusion is widely controlled by kinetic pa-
rameters. By time-dependent data acquisition improved se-
lectivity for analyte molecules with fast inclusion kinetics
was obtained, especially for methanol vapours. Moreover,
the long-time stability of the coatings was evaluated show-
ing excellent (mass) stability, even over a period of more
than two years.

(1)∆f = – C · ∆m/A      with     C = 2f0
2/ (ρν)
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to coatings (∆fcoat) are in the 25 kHz range, resulting
from a deposited mass of approximately 28 µg, which
corresponds to an average film thickness (tcoat ) of
≈ 1,1 µm, assuming unit density for the coating materi-
al.

The response of the coated transducer to a vapour
compound (∆fvap) depends on the degree of equilibrium
partitioning between chemical coating and gas phase,
which in turn depends on the amount of coating depos-
ited on the transducer. Due to medium vapour concen-
trations usually a linear signal-to-concentration-sensi-
tivity is observed which, on the other hand, increases
linearly with ∆fcoat. It can be assumed that the mass load-
ing effect is predominant, whereby the partition coeffi-
cient K can be calculated from measured data accord-
ing to the following equation

K c c with K
f

f c
coat vap

vap coat

coat vap

= =
∆
∆

ρ

where cvap denotes the vapour concentration and ρcoat
the coating density, both to be used with the same units,
e.g. grams per liter. To estimate the sensor response sev-
eral semi-empirical models describing the equilibrium
vapour-coating solubility have been developed, being
deduced from gas-liquid-chromatography (GLC) [21,
22]. Initially these models were mainly applied to amor-
phous polymer coatings and have recently been extended
to supramolecular compounds [23]. In this context the
structure-related term “molecular recognition” is dis-
cussed controversially [23, 24]. For solid coatings the
equilibrium partitioning is predominantly determined
by adsorption and for the calculation of K the coating
density is not considered, so that K is finally expressed
as Kc with the dimension volume per mass (frequently
given in the units liter per grams [23]).

The aim of this study is to investigate potential ef-
fects such as hydrogen bond interaction and solubility

of the enclathrated molecules on the sensitivity patterns
of the clathrate host coatings. Moreover, it is intended
to find out whether the selectivity can be improved by
analysing the time dependence of the sensor response.

Experimental

Materials

The host compounds 1a–d, 2a–d and 3 (Scheme 1) were pre-
pared as described elsewhere [25, 26].

For the generation of the calibration vapours organic sol-
vents (Merck, Darmstadt and Fluka, Neu-Ulm, Germany) of
chemical “pro analysi” grade (> 99% pure) were used, with-
out further purification. Humidity atmospheres were prepared
with deionized water having impurities less than 0,1 µS/cm.
Carrier and dilution gas for all vapours was dry synthetic air
with a purification grade of 5.0 (≥ 99,999%).

Transducers and Coatings

For transducer preparation, quartz crystals (AT-cut) with cir-
cular deposited silver electrodes were used, operating at a
fundamental frequency of 10 MHz. The quartz crystals (fab-
ricated by International Quartz Devices; Somerset, England)
were purchased from Farnell Electronic Components (Deisen-
hofen, Germany). On delivery they are already fixed on HC-
18-sockets, with the advantage of stress-free holding and com-
patibility to standard connectors. After removal of the hous-
ing cap the quartz crystals were rinsed with isopropanol and
dried in an inert gas stream (N2) to eliminate  possible con-
taminations. For the coating procedure a solution of approx-
imately 2,5% (m/m) of 1a–d, 2a–d and 3, respectively, was
prepared in tetrahydrofuran and deposited onto both sides of
the active surface by drop coating technique employing a mi-
cropipette with terminal teflon stamp. The initially rough films
were homogenized by a short incubation of the coated trans-
ducer in a saturated ethanol atmosphere. Well-adherent coat-
ing layers with smooth surface were obtained, as it is shown
in Fig. 1 (right).

In all cases, the total shift in frequency was observed. The
following TSMRs were fabricated.

Fig. 1 Scanning electron microscopy image of a section of (left) an uncoated silver electrode (zoom-in 2000-fold) to which the
inclusion compound 1c (29,95 kHz) has been applied by drop coating, and (right) after homogenization (zoom-in 3410-fold).

(2)with
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The ∆fcoat values in Table 1 represent average data from
the recorded baselines of every measurement corresponding
to the first purging level with dry air. The obtained standard
deviations indicate stable coating layers and reproducible
experimental conditions. The exact ∆fcoat values are given
below. To estimate the film thickness tcoat the mass term in
equation 1 was substituted by the density of the coating ma-
terial, resulting in an equation to calculate the film height. If
possible, the densities of the free host compounds were taken
from the literature [25–28]. It has to be noted, that some of
the densities relate to the inclusion compounds, but differ
slightly to that of the free host [26]. Due to an error propaga-
tion from the calculating method, an experimental error of
approximately 10% was assumed owing to the deviation of
the coating density, the deviation of ∆f coat and a homogenous
coverage of the film, respectively.

Instrumentation

The complete experimental setup consists of the following
units: (i) an equipment for producing and diluting calibration
gas mixtures, (ii) a multiplex-controlled four-channel-quartz
microbalance, both designed in our laboratory. Controlling
functions as well as data acquisition, calculation and visuali-
sation are performed by a self-developed computer software,
for both the sensor device and the gas calibration system.

Sensor Device and Data Acquisition

The multiplex-controlled four-channel sensor device compris-
es a gas measuring chamber, with four coated TSMRs and

one uncoated reference TSMR. Each quartz crystal is pow-
ered by a modified Colpitts series resonance oscillator, placed
separately in the electronic unit close to the measuring cham-
ber (Fig. 2). The temperature of the complete device was
maintained at (296 ± 0,1) K by a microprocessor-controlled
thermostat (Haake C25/F6; Haake, Karlsruhe, Germany), pre-
cision ± 0,02 K. The thermostated water circulated through
the channels in the aluminium housing (10 cm× 10 cm× 
6 cm). The actual temperature was monitored by a Pt-100
resistance thermometer placed near the sensors.

The TSMR outputs were connected to a signal processing
unit. Its operating principle is presented in Fig. 3. To obtain
the four low-frequency difference signals between each sam-
ple quartz and the reference quartz, the original frequencies
were amplified, mixed by four double-balanced mixers and
band-pass filtered. After scaling by Schmitt-triggers the sig-
nals were fed to the multiplexer, transferring each signal to
the frequency counter (Hewlett Packard 53131a). This fre-
quency counter was provided with an internal oven-stable time
base, allowing for high signal resolution (10 digits/s) and thus
for a satisfying sampling rate during multiplex operation.
Sensor data were sampled with 0,25 Hz per channel at
0,002 Hz resolution (gate time: 300 ms) and logged to the
personal computer via RS 232.

Sensor Response and Signal Analysis

The sensor responses are given by the signal height resulting
from the frequency difference between the given gas expo-
sure and the purging level. This is denoted as the sensor mode.
Occasionally, for coating layers with high sensitivity but slow
inclusion kinetics the equilibrium state was not reached dur-
ing the exposure period. In such cases the curve data were
fitted by a Boltzman function and data were extrapolated ac-
cording to the equilibrium state. The relative error of the fit-
ted data is assumed to 10% , indicated by error bars. It must
be emphasized that all response curves shown in the Result
Section relate to the measured raw data obtained from the
frequency counter, and are presented without any modifica-
tion such as averaging, drift compensation, etc. The original
frequency value is given at the left ordinate, and the net sig-
nal is shown at the right ordinate, respectively. To show ki-
netic inclusion characteristics, the first derivative of the fre-
quency signal was calculated, and the signal height as the
reversal point of the sensor curve was evaluated. In this mode
only concentration changes can be recorded, according to a
detector operation. Partition coefficients Kc [l/g] were calcu-
lated from equation 2, where the density of the coating is not
considered (see Introduction). To characterize the sensor qual-
ity, the shift of baseline was recorded over the measuring pe-
riod by taking some data points at the end of every purging

Table 1 Survey of the coated 10 MHz TSMR including host compounds 1a–d, 2a–d and 3

Coating 1a 1b 1c 1d 2a

∆fcoat (kHz) 45,70 ± 0,05 51,93 ± 0,06 29,95 ± 0,05 18,51 ± 0,04 30,68 ± 0,06
t coat (µm) 1,69 ± 0,17 1,87 ± 0,19 1,08 ± 0,11 0,62 ± 0,06 1,14 ± 0,11

Coating 2b 2c 2c 2d 3

∆fcoat (kHz) 45,60 ± 0,19 9,87 ± 0,03 20,90 ± 0,05 22,12 ± 0,03 23,11 ± 0,08
t coat (µm) 0,794 ± 0,08 0,36 ± 0,04 0,75 ± 0,08 0,74 ± 0,07 0,79 ± 0,08

Fig. 2 Sensor device comprising the TSMR arrangement in
the opened gas cell (1) and the oscillator electronic unit (2).
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period, directly before a new vapour exposure. The quotient
of the baseline signal difference at the start time and the end
of the measuring period was used to calculate an average drift
level per hour. The noise of the sensor signal is given by the
standard deviation calculated from approximately 100 data
points of the baseline, and the limits of detection (LOD) were
estimated corresponding to a signal-to-noise ratio of 10.

Vapour Generation and Gas Mixing System

Vapour calibration gases were dynamically generated by the
saturation method according to the VDI-guideline 3490 [29].
The flowchart of the experimental setup is shown in Fig. 4.

Defined vapour atmospheres were produced by passing a
continuous carrier gas flow from the mass flow controllers
(MFC; MKS Instruments) ## 1, 3, or 5 through the fritted
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bubbler containing the liquid solvent at room temperature.
The obtained gas mixture was then cooled in a peltier ele-
ment-driven condenser (precision ± 0,02 °C), where the ex-
cess fraction of the solvent condensed. The resulting vapour
pressure of the solvent at cooling temperature was calculated
using the semi-empirical Antoine equation, where the vol-
ume fraction of the component is given by the ratio of its
vapour pressure to the total pressure. To set the desired con-
centration, the component gas flow was diluted with the ap-
propriate carrier gas flow. All MFC except that one control-
ling the saturation flow can be used for dilution steps, provid-
ed that the air operated bellows valves are appropriately con-
figured (Fig. 4). The concentrations of the generated vapours
were verified semi-continuously by a gas chromatograph (Shi-
madzu, GC-17a) comprising a pneumatically driven six-port-
two-position injection valve (Valco Instruments) for automat-
ed sample injection. After eluting the solvent from the col-
umn (HP-1: 5 m; 0,53 mm; 2,65 µm) its amount was quanti-
fied by a flame ionisation detector. The gas mixing setup op-
erates linearly over a range of approximately three concen-
tration decades with a random error less than 0,2%, where
the minimum and the maximum concentrations depend on  the
vapour pressure of the solvent and the cooling temperature.
To estimate the systematic error of this method, the results of
the saturated vapour analyses were compared to those of cer-
tified standards (for ethanol and tetrachloroethene), showing
an average deviation less than 5%.  This is in good agreement
with the estimated maximum relative error based on the de-
terminable individual errors of the temperature and pressure
measurement and of the vapour pressure calculation [29].

To estimate the vapour sensitive characteristics of the cla-
thrate coatings, a representative selection of the following
vapours was generated: water (humidity), methanol, ethanol,
1-propanol, toluene, tetrahydrofuran, and tetrachloroethene.
Routine calibrations were made by purging with synthetic air
for 10 min, followed by 5 min. periods of alternating expo-
sure and purging. Concentrations vary from 1 000 ppm,
2000 ppm to 3000 ppm (water, methanol), from 425 ppm,
1150 ppm to 2 150 ppm (ethanol) and from 200 ppm,
600 ppm to 1000 ppm for the other organic solvent vapours.
When slow sensor response was observed, the purge and ex-
posure cycle period was extended two- or fourfold. A con-

stant gas flow of 300 ml/min was fed from the bypass to the
sensor device (Fig. 4).

Results and Discussion

As we have shown previously, crystalline host com-
pounds, mostly of bulky difluorenol structure, have
proved to be appropriate as sensitive coatings for the
detection of organic solvent vapours [10 –12]. Here, we
report for the first time about the sensing characteris-
tics of the roof-shaped solid hosts 1–3 with respect to
selected volatile organic compounds and humidity us-
ing TSMRs as mass-sensitive transducers. Common to
this particular type of host structures is a roof-shaped
9,10-dihydro-9,10-ethanoanthracene framework having
diarylmethanol clathratogenic groups 1, 2 or an analo-
gous subunit 3 attached to it. The ability of these com-
pounds to form clathrates mostly depends on intramo-
lecular interactions, mainly on rather strong hydrogen
bonds and on weak OH ··· π interactions. Numerous X-
ray studies of inclusion compounds of 1 and 2 prepared
by cocrystallization from solution have revealed that
the host structures exhibit two predominant conforma-
tions (Fig. 5) [30].

Structure (a) in Fig. 5 is indicative of the so-called
“active” conformation where the two OH-groups form
a relatively strong intramolecular hydrogen bond. This
conformation frequently occurs when the host includes
polar guest molecules having pronounced proton donor
and/or acceptor properties. In the other conformation
(Fig. 5b) the OH-groups are directed towards the aryl
rings of the dihydroanthracene moiety thus forming
weak OH ··· π interactions. Here an eminent clathrate
formation ability for aromatic hydrocarbon guests is ob-
served [30]. Significantly different inclusion properties
of these conformations are most likely due to the differ-
ent guest recognition modes.

Fig. 5 Perspective illustration of the ‚active‘ (a) and ‚inactive‘ (b) conformation shown by the present roof-shaped diol hosts 2.
(a)                                                                       (b)
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Sensor Responses and Detection Principles

Sensor measurements using coated quartz crystals are
based on the sorptive inclusion mechanism. The inclu-
sion formation is detected by the sensor response given
by the frequency shift of the quartz crystal (∆fvap). In
contrast to the cocrystallisation experiments, thermo-
dynamic and in particular kinetic aspects of the inclu-
sion formation have to be considered here. In this con-
text, some typical sensor characteristics of the inclu-
sion compounds are introduced (cf. Fig. 6). For all test-
ed coatings 1 and 2 we found satisfactory sensitivities
to alcohols increasing from methanol to 1-propanol as
expected. The remarkable feature of the inclusion of
methanol, as the smallest alcohole molecule, is a short
response time leading to a reversible sensor response
with an excellent baseline stability. Typical time depend-
ent sensor responses of the coating 2c to various meth-
anol and 1-propanol concentrations are shown in Fig.
6.
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In each plot of Fig. 6 two response modes are shown:
the original sensor response on top and its first deriva-
tive (detector mode) below. An advantage of TSMRs is
that the amount of the deposited coating can be deter-
mined from the frequency shift (∆fcoat) due to the added
mass of the coating material. Two sensors with host
compound 2c were prepared, the first one with a thin-
ner layer resulting in a ∆fcoat value of approximately
9.87 kHz and  the second one with a ∆fcoat value of ap-
proximately 20.9 kHz (cf. Table 1). The actual values
are given at the left ordinates. As can be seen from Fig.
6 the sensor signals of sensor 2c (20.90 kHz) for metha-
nol as well as for 1-propanol are approximately twice
as high to those of sensor 2c (9.87 kHz). Evidently, the
absolute sensitivity (∆fvap/c) increases linearly with
∆fcoat , and the partition coefficient Kc can be calculated
from the ratio of (∆f vap/c) to ∆f coat as it is defined by
equation 2. Therefore, Kc values represent a relative
sensitivity S, so that the sensitivities of different kinds
of coatings to a given vapour can be compared, stand-
ardised to unit coating mass. Sometimes numeric val-
ues of S differ from that of Kc due to the unit of the
concentration in parts per million (S) instead of grams
per liter (Kc).

Due to the increase of the Ostwald solubility coeffi-
cient (log L16) within the homologous series of the al-
cohols from methanol to 1-propanol and further by the
decrease of their saturation vapour pressures, the sen-
sor sensitivity expectedly increases in this order. De-
pendent on the coating thickness the equilibrium con-
ditions and hence the steady state signal is not achieved
within the given exposure period in all cases, as can be
seen from sensor 2c (20.9 kHz) in response to 1-propa-
nol (Fig. 6). This effect can partly be compensated by
reducing the coating layer thickness and extending the
exposure periods respectively, as it is shown for sensor
2c (9.87 kHz) to 1-propanol. In view of routine calibra-
tion the exposure periods were extended to the two- or
fourfold for such host-vapour pairs which slow inclu-
sion kinetics. However, for some coating-vapour pairs
the sensitivities were estimated by signal extrapolation
as described before.

On the other hand significant differences of the rate
of inclusion formation facilitates a time dependent data
recording. Hence the first derivative from the recorded
frequency data was calculated and the signal heights
were evaluated (detector mode). From the first deriva-
tives in Fig. 6 can be seen that the order of sensitivity in
the detector mode is inverse to that of the sensor mode.
The positive peaks result from the sorption process, and
the negative peaks results from the desorption process,
respectively. In the detector mode only concentration
changes are recordable but the drift of the baseline fre-
quently observed with mass-sensitive transducers can
be effectively minimized. For all tested host compounds
1 and 2 the signal height increases significantly with a

decrease of the size of alcohol molecules. This effect
can be improved when coating thickness increases. The
signal height from the coating 2c to methanol increases
with the coating frequency of 9,87 kHz to 20,9 kHz,
whereas the signal height to 1-propanol remains the
same. Moreover, with decrease of the inclusion forma-
tion rate the half-width of the peak expands and an un-
symmetrical peak shape is obtained, indicated by a typ-
ical tailing.

All investigated structures 1 and 2 exhibited the great-
est inclusion rates with methanol, that produces a re-
versible sensor response as it is presented in Fig. 7. Here
the response signal of host 1c to methanol over a wide
range from 200 ppm to 3800 ppm is shown.
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scanning electron image of the host topology of this sensor
coating is given in Fig. 1).

The response and decay times (t 90 and t' 90) vary in
the range of minutes. The calibration curve is linear up
to a vapour concentration of approximately one thou-
sand parts per millions, accompanied by a slight de-
crease of the sensitivity with increasing concentrations.
The sensitivity of water (humidity) is somewhat lower
than that of methanol, in the sensor mode as well as in
the detector mode. Except the diol host compound 2c
comprising the largest clathratogenic group (tert-butyl),
the sensitivities of the hosts 1 and 2 to the other va-
pours are mostly lower than for the alcohols, which is
discussed in detail as follows.

Sensitivity Patterns and Host Compound Structure

The present roof-shaped hosts 1 and 2 derive from a
basic skeleton comprising of a 9,10-dihydro 9,10-etha-
noanthracene framework. They differ by several append-
ed clathratogenic groups as given in Scheme 1. For sens-
ing purposes it is of prime interest if the clathrate for-
mation ability can be controlled by different substitutents
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Fig. 8 Sensor sensitivity patterns of the sensor response expressed as Kc values according to the inclusion of host compounds
1a–d and 2a–d to selected organic solvent vapours and humidity.

Table 2 Survey of characteristic sensor values describing their performance. Calculation of the detection limit (LOD), the
noise and drift level see before (Experimental Section)

Sensor Characteristics Analyte
(∆fcoat) (sensor mode) CH3OH C2H5OH C3H7OH H2O

Qu 10-2c Sabs ([Hz×ppm–1) 0,00826 0,03108 0,18363 0,00014
(20,90 kHz) (R) (0,99892) (0,99940) (0,99846) (0,99802)

LOD (ppm) 21,1 1,6 0,5 14,0
Noise (Hz) 0,0175 0,0047 0,0085 0,0032
Drift (Hz/h)] 0,193 0,091 0,332 0,494

Qu 10-1c Sabs (Hz×ppm–1) 0,00667 0,00757 0,06107 0,00070
(29,95 kHz) (R) (0,99906) (0,99997) (0,99981) (0,99998)

LOD (ppm) 1,9 46,6 1,2 322,3
Noise (Hz) 0,0013 0,0353 0,0073 0,0225
Drift (Hz/h ) 0,618 4,280 0,510 0,871

Qu 10-2b Sabs (Hz×ppm–1) 0,01525 0,02794 0,04415 0,00295
(45,60 kHz) (R) (0,99913) (0,99724) (0,99975) (0,99880)

LOD (ppm) 9,7115 3,3822 1,9 24,0
Noise (Hz = 0,01481 0,0095 0,0086 0,0071
Drift (Hz/h) 1,498 1,804 0,069 1,020

thus finally improving the sensor selectivity. The com-
plete sensitivity patterns of sensor measurements of
coatings 1a–d and 2a–d to all vapours are given in
Fig. 8.

Except the response of 1b to toluene and tetrahydro-
furan, the sensitivities of the monsubstituted hosts 1 are
in all cases lower relative to the complementary com-
pounds 2, indicating that the bulky diol hosts 2a–d show

substantial improvements over the hosts of type 1a–d.
The second effect is given by the substituents. The size
of the host compound increases from the left to the right
due to the appended groups as it is shown in the graph.
In this order we found a permanent increase of the sen-
sor sensitivity, for hosts of type 1 as well as for hosts 2.
So the bulky diol host 2c shows the highest sensitivities
to all examined vapours comparable to those of poly-



J. Reinbold et al.FULL PAPER __________________________________________________________________________

260 J. Prakt. Chem. 1999, 341, No. 3

mer rubbers often used as sensitive coatings [4, 5]. With
a decrease in the host size the sensitivity pattern shifts
to molecules with smaller molar volume, preferably al-
cohol molecules and humidity are enclathrated. In par-
ticular the pore sizes of 1a and 2a are small enough to
exclude large molecules efficiently, but the absolute
sensitivity is rather small.

In this context, the obtained host size dependent sen-
sitivity patterns raise the question, whether this effect
can be denoted as molecular recognition. In summary,
three major effects seem to be predominant: the hydro-
gen bond interaction between the present roof-shaped
hosts 1 or 2 and guests exhibiting proton donor and/or
acceptor abilities (humidity, alcohols, tetrahydrofuran),
which agrees very well to systematic X-ray investiga-
tions of 1a–d [25] and 2a–d [25, 27, 30]. Secondly,
the appended groups of a host seem to create variable
pore sizes and, therefore, guest molecules are included
or excluded according to size. And finally, the solubili-
ty characteristics of the analyte molecules, usually ex-
pressed as their Ostwald solubility coefficients (log L16),
lead to a continuous increase of the clathrate formation
for lipophilic molecules such as toluene or tetrachloro-
ethene with increasing size of the host. For a brief esti-
mation of the selected sensor performance some char-
acteristic values are summarised in Table 2.

The good quality of the measuring device is indicat-
ed by the excellent noise levels, which are given as the
average standard deviations from approx. 100 discrete

data points of the baselines. Therefore, low detection
limits were calculated (see Experimental Section), which
can hardly be achieved in practical use. Furthermore,
such stabilities of the noise and the baseline were main-
ly obtained for the alcohols and humidity. For other
vapours studied or for host–guest pairs with low sensi-
tivities, the stabilities of electronic and chemical noise
and the baseline drift near the detection limit were not
so optimal as for alcohols.

Relating to the preferred interaction to alcohol guests,
in particular methanol, a significant improvement of the
signal selectivity was obtained by the analysis of the
peak height of the first derivative of the sensor signal,
as described above in detail (Fig. 6). The complete sen-
sitivity patterns from the measurements in the detector
mode of coatings 1a–d and 2a–d to all vapours are
given in Fig. 9.

All examined hosts 1 and 2 show pronounced selec-
tivity to methanol, thus indicating high inclusion for-
mation rates in the presence of methanol molecules, re-
sulting in a peak height ratio of methanol to ethanol,
e.g. for 2b of approximately 35:1. With this recording
technique the major influence of solubility effects to
the sensor signal was reduced efficiently, even within
the homologous series of the alcohols. Moreover, it was
possible to minimize the cross sensitivity to humidity,
which should be as low as possible for practical appli-
cations. Conclusions made from sensitivity patterns in
the sensor mode (cf. Fig. 8) with respect to the analytes
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Fig. 9 Sensitivity patterns of the signal height from the first derivative of the frequency sensor signals of the host compounds
1a–d and 2a–d to selected organic solvent vapours and humidity.
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and host size agree with obtained results in the detector
mode (Fig. 9).

Sensitivity and selectivity

As shown in Figs. 8 and 9, systematic sensor studies of
synthetic host molecules provide excellent opportuni-
ties for an investigation of host–guest interactions, with
the aim to obtain sensing receptors for selected target
molecules showing high sensitivity as well as high se-
lectivity. The racemic host compound 3 nearly meets
the necessary requirements and is described separately
(Fig. 10).

In conformance with the results of inclusion forma-
tion experiments by cocrystallisation, where host 3
formed numerous inclusion compounds with alcohols
of different size and shape [26, 28], we found preferred
sensitivity to methanol and ethanol. Surprisingly, the
sensitivity to 1-propanol was somewhat lower. Select-
ed time dependent sensor responses from those calibra-
tions with identical exposure–purging periods are sum-
marised in Fig. 10 (left). The corresponding sensor cal-
ibration curves including all vapours is shown in the
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Fig. 10 Time dependent sensor response (left) and calibration curves of the host 3 to selected organic solvent vapours, relating
to the sensor mode (above) and the detector mode (below).

top graph. In contrast to the hosts 1 and 2, here a total
exclusion of other molecules than methanol, ethanol and,
to some extend, humidity, was observed. Even high li-
pophilic guest molecules such as toluene or tetrachlo-
roethene do not show significant interaction to the host
compound 3. As described above, due to the high va-
pour permeability of methanol in host 3 high selectivity
to methanol can be obtained when the signal height of
the sorption peaks is analyzed (Fig. 8, right, bottom).
The improvement of methanol selectivity from sensor
mode to detector mode is separately shown in figure 11
including specification of the Ostwald solubility coef-
ficients (log L16) and vapour pressures at 1 013 hPa and
293.15 K.

As evident from this figure, solvents having high log
L16 values and/or low vapour pressures do not exhibit
appreciable interaction to host compound 3. Obviously,
the influence of the solid structure is such strong that
big differences in the permeability are between the small
alcohol molecules (and humidity) and the other solvent
molecules. Including the distinct activity of compound
3 to form hydrogen bonds, the object of molecular re-
cognition by using a designed host is near at the hand.
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Fig. 11 Improvement of the selectivity of the host 3 to alcohols from the sensor mode to the detector mode. In the detector
mode the signal height of the sorption peaks resulting from the first derivative of the sensor signal was analyzed. (In parenthe-
ses: Ostwald solubility coefficients log L16; vapour pressure at 1 013 hPa and 293.15 K).

Sensor Age and Coating Stability

The lifetime of a receptor based sensor is usually deter-
mined by the stability of its coating layer. Here the quartz
microbalance, in particular the TSMR, is an ideal in-
strument to control the mass stability of the deposited
material over a wide period. It can be assumed that sens-
ing abilities remain constant provided that the coating
mass is stable. To investigate the mass stability of the
present hosts 1–3 the ∆fcoat values of the TSMRs were
measured regular over a period of more than two years.
Measurements were done in ambient laboratory atmos-
phere. So the ∆fcoat values are slightly higher (1–2% on
average) than these from Table 1. In addition, ∆fcoat val-
ues can vary due to fluctuations of room temperature or
ambient humidity. The results are presented as the de-
viations to each mean value (∆fcoat, mean) including the
standard deviation given at the bottom of the bar chart
(Fig. 12).

In summary, all deposited hosts show very small de-
viations from the mean value and therefore excellent
mass stability. Some coatings such as 2a, 2b and 3 ex-
hibit a minimal systematic decrease of ∆fcoat values,
whereas ∆fcoat of the other coatings show only random
fluctuations.

Conclusions

In this contribution a systematic study on a series of
roof-shaped crystalline host compounds as coating ma-
terials onto TSMRs is presented, referring to their sens-
ing abilities for the detection of selected organic sol-
vent vapours. From the obtained sensitivity patterns to
each of seven individual organic solvent vapours we
conclude that host–guest interactions are predominant-
ly given by hydrogen bonds, resulting in a preferred
sensitivity to alcohols and humidity, which is in good
agreement with results from systematic x-ray studies
[25–28, 30]. Within the homologous series of the alco-
hols, the sensitivity patterns from hosts 1a–d and 2a–
d increase from methanol to 1-propanol, which is ac-
companied by a general increase of the sensitivity with
increasing size of the hosts. Improved sensor selectivi-
ty for methanol and ethanol was found for the host com-
pound 3, even toward high lipophilic molecules such as
toluene or tetrachloroethene. For all host compounds
under study we observed significant differences with
respect to the inclusion rate behaving inversely to the
equilibrium sensor signal. By time dependent data ac-
quisition and the analysis of the signal height of the
peaks due to the sorption process a selectivity to meth-
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anol is evident. Especially the hosts 2b, 2d and 3 have
shown excellent methanol over ethanol selectivity, in-
dicated by 20–35 fold signal heights relative to etha-
nol. Although it is true that results obtained from gas-
solid interface are no real evidence that justifying the
term “molecular recognition”, the present approach is
promising to obtain designed materials featuring defi-
nite selectivities.
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Fig. 12 Mass stability of sensor coatings 1a, 1b, 1d, 2a–d and 3 relating to measurements of ∆fcoat [Hz] over a period of more
than two years. The ambient temperatures at the measuring dates were 21.3 °C (210. day), 21.0 °C (386. day), 20.9 °C (642.
day) and 22.0 °C (770. day), each with a deviation of approx. ± 0,1 °C.


