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Abstract. The performance of new crystalline inclusion indicating the predominant role of hydrogen bonding inter-
hosts as chemical sensitive coatings for the detection of omction. The inclusion of guest molecules with higher molar
ganic solvent vapours was investigated by using 10 MHzolumes was frequently accompanied by slow inclusion rate
thickness shear mode resonators as mass-sensitive trarsid sensor response, respectively. By decreasing the host size
ducers. The crystalline host compounds under study consistgeneral decrease of the sensor sensitivities were observed,
of a characteristic 9,10-dihydro-9,10-ethanoanthracendut the selectivity (sensitivity pattern) is shifted to smaller
framework with appended diarylmethanol clathratogenicmolecules, and inclusion is widely controlled by kinetic pa-
groupsl, 2 or an analogous subu®itRelating to the selec- rameters. By time-dependent data acquisition improved se-
tivity of inclusion formation a database was generated conlectivity for analyte molecules with fast inclusion kinetics
sisting of the calibrated sensor responses from nine substivas obtained, especially for methanol vapours. Moreover,
tuted versions of this host to each of seven organic solverhe long-time stability of the coatings was evaluated show-
vapours (and humidity). From molecular shape, polarity andng excellent (mass) stability, even over a period of more
lipophilicity preferred inclusion selectivity was found for al- than two years.

cohol vapours, in particular for ethanol and methanol, thus

The development of receptor-based chemical sensotig wave propagation these transducers are denoted as
for gas sensing, and in particular for monitoring vola-thickness shear mode resonators (TSMR). Frequently
tile organic compounds (VOCs) is widely determinedused TSMRs operate at a resonant frequency of 10 MHz
by the sensitive properties of the coating material. Thergquartz plate thickness 168 um).
fore, the design and characterization of new chemically First theoretical investigations of mass-frequency re-
sensitive materials continues to be an active area of r¢ation was carried out by Sauerbrey, who derived a lin-
search [1, 2]. Mass-sensitive devices such as the quargar relationship between the frequency and small added
microbalance (QMB) are versatile devices to study thenasses onto the active area of the TSMR [19, 20]:
sensor characteristics of different coating materials, such
as polymers [3-5], supramolecular compounds fonf=—C -Am/A  with C = 22/(pv) 1)
mono- [6—9] and multimolecular inclusion [10-12],
thin self-assembled films [13], liquid crystals [14] or with the frequency shift\f (in Hertz), andAnVA the
coordinating compounds [15]. surface mass loading in grams per square centimetre.
With reference to the QMB its main component isThe constant is defined as the mass sensitivity or cali-
the piezoelectric quartz crystal as mass-sensitive trangration constant and relates to the fundamental frequen-
ducer, usually a temperature compensated cut (AT) dey f, in Hertz, and two material constants of the quartz
rived from a quartz single crystal, as it is mass-manuerystal (densityp = 2,650 g/cr share wave velocity
factured for electronic applications [16, 17]. For gasu = 334 000 cm/s). The Sauerbrey equation is valid up
sensing applications the quartz crystal is an externab mass changes of 2% of the whole plate mass and the
component of an oscillator circuit operating in its fun-frequency shift, respectively.
damental thickness shear mode at a frequency ranging For the 10 MHz TSMRs used in this stud® £
from 1 MHz up to 30 MHz [18]. In view of their acous- 2,26 1@ cn?Hz1 g1, A = 0,25 cn?) average shifts due
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to coatings 4f ) are in the 25 kHz range, resulting of the enclathrated molecules on the sensitivity patterns
from a deposited mass of approximately 28 pg, whiclof the clathrate host coatings. Moreover, it is intended
corresponds to an average film thickneg, ) of  to find out whether the selectivity can be improved by
= 1,1 um, assuming unit density for the coating materianalysing the time dependence of the sensor response.
al.

The response of the coated transducer to a vapour
compound4f, ) depends on the degree of equilibrium Experimental
partitioning between chemical coating and gas phase,
which in turn depends on the amount of coating deposMaterials
ited_ on the transdu_cer. Dl‘.'e to medium Vapour ConCeNryq pogt compounds—d, 2a-d and3 (Scheme 1) were pre-
trations usually a linear signal-to-concentration-sensiyareq as described elsewhere [25, 26].
tivity is observed which, on the other hand, increases For the generation of the calibration vapours organic sol-
linearly withAf___. It can be assumed that the mass loadvents (Merck, Darmstadt and Fluka, Neu-Ulm, Germany) of
ing effect is predominant, whereby the partition coeffi-chemical “pro analysi” grade (> 99% pure) were used, with-
cientK can be calculated from measured data accordsut further purification. Humidity atmospheres were prepared
ing to the following equation with deionized water having impurities less than 0,1 uS/cm.

Carrier and dilution gas for all vapours was dry synthetic air

Af with a purification grade of 5.3:(99,999%).
vappcoat

K=Cpa / C: with K= 2
ot [ G A fon Cop @) Transducers and Coatings

For transducer preparation, quartz crystals (AT-cut) with cir-

wherec,,, denotes the vapour concentration g, cular deposited silver electrodes were used, operating at a
the coating density, both to be used with the same unitfundamental frequency of 10 MHz. The quartz crystals (fab-

. ; icated by International Quartz Devices; Somerset, England)
€.9. grams per I_|t_er. To estimate the_ SENSorresponse SeVR\//Cere purchased from Farnell Electronic Components (Deisen-
eral semi-empirical models describing the equmbrlumhofen, Germany). On delivery they are already fixed on HC-

vapour-coating solubility have been developed, being g sockets, with the advantage of stress-free holding and com-
deduced from gas-liquid-chromatography (GLC) [21, patibility to standard connectors. After removal of the hous-
22]. Initially these models were mainly applied to amor-ing cap the quartz crystals were rinsed with isopropanol and
phous polymer coatings and have recently been extendetied in an inert gas stream JNo eliminate possible con-

to supramolecular compounds [23]. In this context théaminations. For the coating procedure a solution of approx-
structure-related term “molecular recognition” is dis- imately 2,5% (m/m) ola—d, 2a—d and3, respectively, was
cussed controversially [23, 24]. For solid coatings thePrepared in tetrahydrofuran and deposited onto both sides of
equilibrium partitioning is predominantly determined the active surface by drop coating technigue employing a mi-
by adsorption and for the calculationtofthe coating cropipette with terminal teflon stamp. The initially rough films

density | t idered thais finall q \Were homogenized by a short incubation of the coated trans-
ensily IS not considered, SO Inally EXpressed 4 cer in a saturated ethanol atmosphere. Well-adherent coat-

asK_ with the dimension volume per mass (frequentlyjng jayers with smooth surface were obtained, as it is shown
given in the units liter per grams [23]). in Fig. 1 (right).

The aim of this study is to investigate potential ef- In all cases, the total shift in frequency was observed. The
fects such as hydrogen bond interaction and solubilityollowing TSMRs were fabricated.

adkiel
|

y - - - L
p L] = 2 =Fab 1396 Batector: 3E1

Fig. 1 Scanning electron microscopy image of a section of (left) an uncoated silver electrode (zoom-in 2000-fold) to which the
inclusion compoundc (29,95 kHz) has been applied by drop coating, and (right) after homogenization (zoom-in 3410-fold).
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Table 1 Survey of the coated 10 MHz TSMR including host compolsesl, 2a—d and3

Coating la 1b 1lc 1d 2a

Af (KHZ) 45,70 £ 0,05 51,93 £ 0,06 29,95 £ 0,05 18,51 + 0,04 30,68 £ 0,06

t coai(HM) 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

Afi(kKHZ) 45,60 £ 0,19 9,87 £ 0,03 20,90 £ 0,05 22,12 £ 0,03 23,11 + 0,08

t coat (UM 0,794 £ 0,08 0,36 £ 0,04 0,75+ 0,08 0,74 £ 0,07 0,79 £ 0,08

The Af . values in Table 1 represent average data frormone uncoated reference TSMR. Each quartz crystal is pow-
the recorded baselines of every measurement correspondirged by a modified Colpitts series resonance oscillator, placed
to the first purging level with dry air. The obtained standardseparately in the electronic unit close to the measuring cham-
deviations indicate stable coating layers and reproducibl®er (Fig. 2). The temperature of the complete device was
experimental conditions. The exatt , values are given maintained at (296 + 0,1) K by a microprocessor-controlled
below. To estimate the film thicknetg,, the mass term in thermostat (Haake C25/F6; Haake, Karlsruhe, Germany), pre-
equation 1 was substituted by the density of the coating mazision £+ 0,02 K. The thermostated water circulated through
terial, resulting in an equation to calculate the film height. Ifthe channels in the aluminium housing (10 cmx 10 cmx
possible, the densities of the free host compounds were takdéncm). The actual temperature was monitored by a Pt-100
from the literature [25—-28]. It has to be noted, that some ofesistance thermometer placed near the sensors.
the densities relate to the inclusion compounds, but differ The TSMR outputs were connected to a signal processing
slightly to that of the free host [26]. Due to an error propagaunit. Its operating principle is presented in Fig. 3. To obtain
tion from the calculating method, an experimental error ofthe four low-frequency difference signals between each sam-
approximately 10% was assumed owing to the deviation ople quartz and the reference quartz, the original frequencies
the coating density, the deviationAff_,,and a homogenous were amplified, mixed by four double-balanced mixers and

coverage of the film, respectively.

Instrumentation

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-
guency counter was provided with an internal oven-stable time

o X ! o 0lloOWINGy3se, allowing for high signal resolution (10 digits/s) and thus
units: (i) an equipment for producing and diluting calibration¢ .~ satisfyigg sargpling rate during r%ultip?ex oz)eration.

gas mixtures, (ii) a multiplex-controlled four-channel—quartzSensor data were sampled with 0,25 Hz per channel at

][mcrqbalance, both designed In our Iaboratqry. Contr_ollmgo,ooz Hz resolution (gate time: 300 ms) and logged to the
unctions as well as data acquisition, calculation and visuali- rsonal computefia RS 232
sation are performed by a self-developed computer softwaré),e P '
for both the sensor device and the gas calibration system. 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.
ccasionally, 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 compensatita, 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 coefficielts[l/g] were calcu-
lated from equation 2, where the density of the coating is not
considered (see Introduction). To characterize the sensor qual-
Fig. 2 Sensor device comprising the TSMR arrangement inity, the shift of baseline was recorded over the measuring pe-
the opened gas cell (1) and the oscillator electronic unit (2)riod by taking some data points at the end of every purging
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Sensor Device and Data Acquisition

The multiplex-controlled four-channel sensor device compris
es a gas measuring chamber, with four coated TSMRs a
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Fig. 3 Block diagram of the radio frequency (rf) electronics and signal processing.
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Fig. 4 Dynamic test gas generation system. MFC: mass flow controller; AOBV: air operated bellows valve; PGC: peltier gas
cooler; TI: temperature instrument; TIC: temperature instrument controller; PI: pressure instrument; MV: mechanical valve;
PR: pressure reducer.

period, directly before a new vapour exposure. The quotienY@Pour Generation and Gas Mixing System

of the baseline signal difference at the start time and the endapour calibration gases were dynamically generated by the
of the measuring period was used to calculate an average drifaturation method according to the VDI-guideline 3490 [29].
level per hour. The noise of the sensor signal is given by th&he flowchart of the experimental setup is shown in Fig. 4.
standard deviation calculated from approximately 100 data Defined vapour atmospheres were produced by passing a
points of the baseline, and the limits of detection (LOD) werecontinuous carrier gas flow from the mass flow controllers
estimated corresponding to a signal-to-noise ratio of 10. (MFC; MKS Instruments) ## 1, 3, or 5 through the fritted
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bubbler containing the liquid solvent at room temperaturestant gas flow of 300 ml/min was fed from the bypass to the
The obtained gas mixture was then cooled in a peltier elesensor device (Fig. 4).
ment-driven condenser (precision + 0,02 °C), where the ex-
cess fraction of the solvent condensed. The resulting vapour

ressure of the solvent at cooling temperature was calculat . :
Esing the semi-empirical Antoine equation, where the Voﬁgesults and Discussion
ume fraction of the component is given by the ratio of its
vapour pressure to the total pressure. To set the desired cohs we have shown previously, crystalline host com-
centration, the component gas flow was diluted with the appounds, mostly of bulky difluorenol structure, have
propriate carrier gas flow. All MFC except that one Control-proved to be appropriate as sensitive coatings for the
ling the saturation flow can be used for dilution steps, providgetection of organic solvent vapours [10 —12]. Here, we

ed that the air operated bellows valves are appropriately Colaport for the first time about the sensing characteris-

figured (!?jgc.j4). The Ciﬂce”tfftigns of thehgenertated Vﬁ?g‘;ﬁcs of the roof-shaped solid hodts 3 with respect to

were verified semi-continuously by a gas chromatograph (Shi . : e ]
madzu, GC-17a) comprising a pneumatically driven six-port-.sele_lgtse,\ﬁF\{Olat”e organic c_o_mpoundj and hlém'd'ty ust
two-position injection valve (Valco Instruments) for automat- "9 S as mass-sensitive transducers. Common to

ed sample injection. After eluting the solvent from the col-this particular type of host structures is a roof-shaped
umn (HP-1: 5 m; 0,53 mm; 2,65 um) its amount was quanti9,10-dihydro-9,10-ethanoanthracene framework having
fied by a flame ionisation detector. The gas mixing setup opdiarylmethanol clathratogenic groups2 or an analo-
erates linearly over a range of approximately three concergous subuni8 attached to it. The ability of these com-
tration decades with a random error less than 0,2%, whergounds to form clathrates mostly depends on intramo-
the minimum and the maximumconcentrations depend on ﬂ]@cular interactionS, mainly on rather Strong hydrogen
vapour pressure of the solvent and the cooling temperaturgonds and on weak O rrinteractions. Numerous X-
To estimate the systematic error of this method, the results qu studies of inclusion compoundslaind? prepared

the saturated vapour analyses were compared to those of cg(? o :
tified standards (for ethanol and tetrachloroethene), showin E/ chocrystalllzatlon fr(r)l_rg-tstolutlon (Tave re\ieales that
an average deviation less than 5%. This is in good agreem ost structures exhibit two predominant conforma-

with the estimated maximum relative error based on the ddions (Fig. 5) [30_]- _ S
terminable individual errors of the temperature and pressure Structure () in Fig. 5 is indicative of the so-called
measurement and of the vapour pressure calculation [29]. “active” conformation where the two OH-groups form
To estimate the vapour sensitive characteristics of the claa relatively strong intramolecular hydrogen bond. This
thrate coatings, a representative selection of the followingonformation frequently occurs when the host includes
vapours was generated: water (humidity), methanol, ethanoholar guest molecules having pronounced proton donor
1-propanol, toluene, tetrahydrofuran, and tetrachloroethengng/or acceptor properties. In the other conformation
Routine palibrations were made by_ purging with synthenc a'r(Fig. 5b) the OH-groups are directed towards the aryl
for 10 min, followed by 5 min. periods of alternating expo- fings of the dihydroanthracene moiety thus forming

sure and purging. Concentrations vary from 1000 ppm . . d
2000 ppm to 3000 ppm (water, methanol), from 425 IOmeeak OH--- Tinteractions. Here an eminent clathrate

1150 ppm to 2150 ppm (ethanol) and from 200 I[,pm,formation ability for aromatic hydrocarbon guests is ob-
600 ppm to 1000 ppm for the other organic solvent vapoursserved [30]. Significantly different inclusion properties
When slow sensor response was observed, the purge and ©fthese conformations are most likely due to the differ-
posure cycle period was extended two- or fourfold. A con-ent guest recognition modes.

(@) (b)

Fig. 5 Perspective illustration of the ,active' (a) and ,inactive* (b) conformation shown by the present roof-shaped diol hosts
256 J. Prakt. Cheml999 341, No. 3
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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 crystAfvgp). 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 coatingd and2 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 coafiogp various meth-

anol and 1-propanol concentrations are shown in Fig.
6.

Coating: 2c (af,, : 9,87 kHz) ; Analyte: 1-Propanol

coat
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Fig. 6 Response of host compougd to methanol and 1-propanol. Each plot represents two response curves: the original
frequency data on top and its first derivative below. The two plots (top) result from the Ze(&8i7 kHz) and the two plots
(bottom) relate to the sens2e (20.90 kHz), for both on the left side to methanol and on the right side to 1-propanol.
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In each plot of Fig. 6 two response modes are showrndecrease of the size of alcohol molecules. This effect
the original sensor response on top and its first derivaean be improved when coating thickness increases. The
tive (detector mode) below. An advantage of TSMRs isignal height from the coatirtg to methanol increases
that the amount of the deposited coating can be detewith the coating frequency of 9,87 kHz to 20,9 kHz,
mined from the frequency shifd{_ ) due to the added whereas the signal height to 1-propanol remains the
mass of the coating material. Two sensors with hossame. Moreover, with decrease of the inclusion forma-
compound2c were prepared, the first one with a thin- tion rate the half-width of the peak expands and an un-
ner layer resulting in &f__, value of approximately symmetrical peak shape is obtained, indicated by a typ-
9.87 kHz and the second one withfg value of ap- ical tailing.
proximately 20.9 kHz (cf. Table 1). The actual values All investigated structuresand2 exhibited the great-
are given at the left ordinates. As can be seen from Figst inclusion rates with methanol, that produces a re-
6 the sensor signals of sen80(20.90 kHz) for metha- versible sensor response as it is presented in Fig. 7. Here
nol as well as for 1-propanol are approximately twicethe response signal of hdstto methanol over a wide
as high to those of sens2e (9.87 kHz). Evidently, the range from 200 ppm to 3800 ppm is shown.
absolute sensitivityt(fvar/c) increases linearly with
Af . and the partition coefficiei, can be calculated
from the ratio of {f,,/c) to Af . as it is defined by 20055 | eotre. venanol inai -
equation 2. Therefore, values represent a relative | Range: 200 - 3200 pom i 1%
sensitivityS, so that the sensitivities of different kinds - ., L A/l | "
of coatings to a given vapour can be compared, stand- I /] |
ardised to unit coating mass. Sometimes numeric valE 205 |- F 11s
ues ofS differ from that ofK_ due to the unit of the
concentration in parts per millio®)(instead of grams
per liter K,).

Due to the increase of the Ostwald solubility coeffi- 2993 15
cient (logL®) 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- " 5 100 5 200
sor sensitivity expectedly increases in this order. De- Zeit [ min ]
pendent on the coating thickness the equilibrium con-.

. . ) -~ 'Fig. 7 Sensor response of 10 MHz TSMR coated Witto
ditions and hence the steady state signal is not aCh'eV‘?ﬁ’gthanol vapour in synthetic air, from (200, 400, --- 3800)

within the given exposure period in all cases, as can bgym v and (265, 530, --- 5050) mg@/nrespectively. (A
; V) . ’ ’

seen from sens@c (20.9 kHz) in response to 1-propa- scanning electron image of the host topology of this sensor
nol (Fig. 6). This effect can partly be compensated byoating is given in Fig. 1).

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-
fourfold for such host-vapour pairs which slow inclu-

]

29940 - 10

Response (ori

29930 Juududuudydi_do

o

The response and decay timeg, @nd ty) vary in
({pe range of minutes. The calibration curve is linear up
0 a vapour concentration of approximately one thou-
sion kinetics. However, for some coating-vapour pairsSanOI parts per ml_II_lo_ns, acc_ompan!ed by a Sl'gh'.[ de-
the sensitivities were estimated by signal extrapolatioif'€aS€ of the sensitivity with increasing concentrations.
as described before he sensitivity of water (humidity) is somewhat lower
1 cimifi - han that of methanol, in the sensor mode as well as in
n the other hand significant differen fther ' -
On the other hand significant differences of the atjhe detector mode. Except the diol host compdmd

of inclusion formation facilitates a time dependent dat isina the | t clathrat : bty
recording. Hence the first derivative from the recordecEOMPrising the largest clathratogenic graiepitbutyl),
e sensitivities of the hosisand?2 to the other va-

frequency data was calculated and the signal heigh o
were evaluated (detector mode). From the first derivalOUrs are r_nostly _Iower than for the alcohols, which is
tives in Fig. 6 can be seen that the order of sensitivity yfiscussed in detail as follows.

the detector mode is inverse to that of the sensor mod
The positive peaks result from the sorption process, an
the negative peaks results from the desorption proces$he present roof-shaped hodtend2 derive from a
respectively. In the detector mode only concentratiorbasic skeleton comprising of a 9,10-dihydro 9,10-etha-
changes are recordable but the drift of the baseline frexoanthracene framework. They differ by several append-
guently observed with mass-sensitive transducers cagd clathratogenic groups as given in Scheme 1. For sens-
be effectively minimized. For all tested host compoundsng purposes it is of prime interest if the clathrate for-

1 and2 the signal height increases significantly with amation ability can be controlled by different substitutents
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Increasing size of the host molecules
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Fig. 8 Sensor sensitivity patterns of the sensor response expredsegaotises according to the inclusion of host compounds
la—d and2a-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

(BF on) (sensor mode) CiOH C,HOH C;H,OH H,0

Qu 10-2c S,ps([HZx ppnr?) 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 Saps (HZ % ppnT?) 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 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 S,ps(Hz x ppnr?) 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 , 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-substantial improvements over the hosts of tiaed.
plete sensitivity patterns of sensor measurements dfhe second effect is given by the substituents. The size
coatingsla—d and2a-d to all vapours are given in of the host compound increases from the left to the right
due to the appended groups as it is shown in the graph.
Except the response dib to toluene and tetrahydro- In this order we found a permanent increase of the sen-
sor sensitivity, for hosts of tydeas well as for hos&

Fig. 8.

furan, the sensitivities of the monsubstituted hbstse
in all cases lower relative to the complementary comSo the bulky diol hos2c shows the highest sensitivities
to all examined vapours comparable to those of poly-

pound<?, indicating that the bulky diol hos2a—d show
J. Prakt. Chentl999 341, No. 3
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mer rubbers often used as sensitive coatings [4, 5]. Wittlata points of the baselines. Therefore, low detection
a decrease in the host size the sensitivity pattern shiftgnits were calculated (see Experimental Section), which
to molecules with smaller molar volume, preferably al-can hardly be achieved in practical use. Furthermore,
cohol molecules and humidity are enclathrated. In parsuch stabilities of the noise and the baseline were main-
ticular the pore sizes dfa and2a are small enough to ly obtained for the alcohols and humidity. For other
exclude large molecules efficiently, but the absolutevapours studied or for host—guest pairs with low sensi-
sensitivity is rather small. tivities, the stabilities of electronic and chemical noise
In this context, the obtained host size dependent seand the baseline drift near the detection limit were not
sitivity patterns raise the question, whether this effecso optimal as for alcohols.
can be denoted as molecular recognition. In summary, Relating to the preferred interaction to alcohol guests,
three major effects seem to be predominant: the hydradn particular methanol, a significant improvement of the
gen bond interaction between the present roof-shapegignal selectivity was obtained by the analysis of the
hostsl or 2 and guests exhibiting proton donor and/orpeak height of the first derivative of the sensor signal,
acceptor abilities (humidity, alcohols, tetrahydrofuran),as described above in detail (Fig. 6). The complete sen-
which agrees very well to systematic X-ray investiga-sitivity patterns from the measurements in the detector
tions of la—d [25] and2a—d [25, 27, 30]. Secondly, mode of coatingda—d and2a—d to all vapours are
the appended groups of a host seem to create variabigven in Fig. 9.
pore sizes and, therefore, guest molecules are included All examined hostd and2 show pronounced selec-
or excluded according to size. And finally, the solubili- tivity to methanol, thus indicating high inclusion for-
ty characteristics of the analyte molecules, usually exmation rates in the presence of methanol molecules, re-
pressed as their Ostwald solubility coefficients (16§,  sulting in a peak height ratio of methanol to ethanol,
lead to a continuous increase of the clathrate formation.g. for 2b of approximately 35:1. With this recording
for lipophilic molecules such as toluene or tetrachlorotechnique the major influence of solubility effects to
ethene with increasing size of the host. For a brief estithe sensor signal was reduced efficiently, even within
mation of the selected sensor performance some chake homologous series of the alcohols. Moreover, it was
acteristic values are summarised in Table 2. possible to minimize the cross sensitivity to humidity,
The good quality of the measuring device is indicat-which should be as low as possible for practical appli-
ed by the excellent noise levels, which are given as theations. Conclusions made from sensitivity patterns in
average standard deviations from approx. 100 discretidae 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
la—d and2a—d to selected organic solvent vapours and humidity.
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Fig. 10 Time dependent sensor response (left) and calibration curves of tiddestected organic solvent vapours, relating
to the sensor mode (above) and the detector mode (below).

and host size agree with obtained results in the detecté®p graph. In contrast to the hostand2, here a total

mode (Fig. 9). exclusion of other molecules than methanol, ethanol and,
to some extend, humidity, was observed. Even high li-
Sensitivity and selectivity pophilic guest molecules such as toluene or tetrachlo-

roethene do not show significant interaction to the host
As shown in Figs. 8 and 9, systematic sensor studies @ompound3. As described above, due to the high va-
synthetic host molecules provide excellent opportunifpour permeability of methanol in hdshigh selectivity
ties for an investigation of host—guest interactions, withto methanol can be obtained when the signal height of
the aim to obtain sensing receptors for selected targ#éhe sorption peaks is analyzed (Fig. 8, right, bottom).
molecules showing high sensitivity as well as high seThe improvement of methanol selectivity from sensor
lectivity. The racemic host compoudnearly meets mode to detector mode is separately shown in figure 11
the necessary requirements and is described separatéigluding specification of the Ostwald solubility coef-
(Fig. 10). ficients (logL1%) and vapour pressures at 1 013 hPa and

In conformance with the results of inclusion forma-293.15 K.

tion experiments by cocrystallisation, where h®st  As evident from this figure, solvents having high log
formed numerous inclusion compounds with alcohols.16 values and/or low vapour pressures do not exhibit
of different size and shape [26, 28], we found preferre@ppreciable interaction to host compo@n®bviously,
sensitivity to methanol and ethanol. Surprisingly, thethe influence of the solid structure is such strong that
sensitivity to 1-propanol was somewhat lower. Selectbig differences in the permeability are between the small
ed time dependent sensor responses from those calibraeohol molecules (and humidity) and the other solvent
tions with identical exposure—purging periods are summolecules. Including the distinct activity of compound
marised in Fig. 10 (left). The corresponding sensor cal3 to form hydrogen bonds, the object of molecular re-
ibration curves including all vapours is shown in thecognition by using a designed host is near at the hand.
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Sensor Age and Coating Stability Conclusions

The lifetime of a receptor based sensor is usually deteqh this contribution a systematic study on a series of

mined by the stability of its coating layer. Here the quartz,; ¢_cp, r lline h mooun ina ma-
microbalance, in particular the TSMR, is an ideal in- oof-shaped crystalline host compounds as coating ma

" .. terials onto TSMRs is presented, referring to their sens-
strument to control the mass stability of the deposﬂeqﬁn b g

o id iod. | b dth g abilities for the detection of selected organic sol-
material over a wide period. It can be assumed that SeNnga .\ anours. From the obtained sensitivity patterns to

ing abilities remain constant provided that the coating,,.p, of seven individual organic solvent vapours we
mass is stable. To investigate the mass stability of thg,

onclude that host—guest interactions are predominant-
present hd05t$_|~°’ theAfcoatvaI_ueds Off the TiMRS were Ié/ given by hydrogen bonds, resulting in a preferred
rl\r/lweasure reguiar OV%r aperio ?)' molrebt an two yearggnsitivity to alcohols and humidity, which is in good
easurements were done in ambient laboratory almosgyyeement with results from systematic x-ray studies
phere. So thaf_values are slightly higher (1-2% on

) [25-28, 30]. Within the homologous series of the alco-
average) than these from Table 1. In additdg,,val- 5|5 the sensitivity patterns from hosts-d and2a—

ues can vary due to fluctuations of room temperature 0 ;. \raase from methanol to 1-propanol, which is ac-

amtbient thumid;:y. The resllljjgfs are pre_ser;tqu astrt]he d€bmpanied by a general increase of the sensitivity with
viations to each mean valubff, meq) including the creasing size of the hosts. Improved sensor selectivi-
standard deviation given at the bottom of the bar chatf, ¢, methanol and ethanol was found for the host com-
(Fig. 12). pound3, even toward high lipophilic molecules such as

_In summary, all deposited hosts show very small dey, | ,ene or tetrachloroethene. For all host compounds
viations from the mean value and therefore excellen

" . nder study we observed significant differences with
mass Stab”.'ty' Some coatings suctPas2b ands3 ex- respect to the inclusion rate behaving inversely to the
hibit a minimal systematic decrease&ff ,, values,

: equilibrium sensor signal. By time dependent data ac-
Wﬁ;hi?%:}csoat()f the other coatings show only random ¢, jisition and the analysis of the signal height of the

peaks due to the sorption process a selectivity to meth-
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Fig. 11 Improvement of the selectivity of the hdsto 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.€n parenth
ses: Ostwald solubility coefficients lagd®, vapour pressure at 1013 hPa and 293.15 K).
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Fig. 12 Mass stability of sensor coatingjg, 1b, 1d, 2a—d and3 relating to measurementsaf _.[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.

anol is evident. Especially the ho&ts 2d and3 have

[14]

shown excellent methanol over ethanol selectivity, in-

dicated by 20—35 fold signal heights relative to ethall5]
nol. Although it is true that results obtained from gas,4
solid interface are no real evidence that justifying thg17]
term “molecular recognition”, the present approach is

promising to obtain designed materials featuring defi{18]
nite selectivities. [19]
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