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In order to improve the convenience and sensitivity of amphetamines drug testing and reduce the threat
of drugs to humans, we have designed a QCM gas sensor to detect amine-containing drugs. The sensing
material is designed based on the chemical nature of amine drugs. The sensing mechanism is derived
from a reversible Schiff base interaction between the amino group of the drug and the carbonyl group of
the novel calix[6]arene derivatives as well as the hydrogen bond interaction between amino group and
hydroxyl. The new composite material was well characterized by different analytical techniques
including 1H nuclear magnetic resonance (1H-NMR), fourier transform infrared spectroscopy (FT-IR),
scanning electronic microscopy (SEM), transmission electronmicroscope (TEM), Raman spectra, powder
X-ray diffraction, [20_TD$DIFF]etc. The sensing experiments were conducted by coating the composite onto quartz
crystal microbalance (QCM) transducers. The experimental results indicated that the novel calixarene
derivatives and their GO complexes based on the design have excellent selectivity, high sensitivity and
repeatability to β- [21_TD$DIFF]phenylethylamine.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Amphetamines are one of the eight major drugs. The main
component of drugs is organic amines which would cause air
pollution and pose a threat to human health. Because organic
amines are widely used in industrial production and pharmaceu-
tical manufacturing [1], conveniently detection of organic amines
has attracted more and more attention. Conventional amine-
containing drug tests include blood test, sweat test, hair test, and
saliva test, while many inadequacies are reflected in the fact that
the inspection equipment is expensive, limited and susceptible to
contamination by other substances. Over the years, analytical
chemistry has been applied to the detection of organic amines,
such as thin layer chromatography (TCL), GC–MS, high perfor-
mance liquid chromatography (HPLC) and other immunoassay [2].

Quartz crystal microbalance (QCM) is a kind of gas sensor with
many advantages such as high sensitivity [3–6], convenient
production, low price, easy digitization, wide application [7–9]
and long distance measurement [10–13]. At present, QCM have
been used in the detection of organic amines. For example, GO/
Cu2O nanocomposite based QCM gas sensor for trimethylamine
detection under low concentrations [14], QCM sensor for detection
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of aliphatic amines vapours [15], GO/chitosan nanocomposite
coated QCM sensor for detection of amine vapors [16], slective
chiral recognition of alanine enantiomers by chiral calix[4]arene
coated QCM sensors [17]. However, these reports are rarely specific
for the detection of amine-containing drugs. Some disadvantages
generate from complicated and cumbersome material synthesis
[18], and relatively expensive detection instrument.

Among the organic amines, β-phenylethylamine is a trace,
endogenous amine, an isomer of Philopon, and a reagent that can
excite human nerves. Chemical synthesis can also be achieved by
illegal molecules. Therefore, the preparation of a sensitive, stable
phenethylamine gas sensor is very helpful for the detection of
amine-containing drugs. The calixarene is a kind of oligomeric
cyclic compound, the lower edge is a neatly arranged hydrophilic
phenolic hydroxyl group, and the size of the hydrophobic cavity
formed by the benzene ring can be freely adjusted according to
different reaction conditions [19,20]. The calixarene is easily
modified by functional groups forming a complex with a
substrate and a neutral molecule [21,22]. So this advantage can
be used to make a new underlay for the synthesis of novel calix-
[6]arene derivativesis. It has high melting point, good thermal
stability and chemical stability, as well as low toxicity and
flexibility. In order to increase the surface area, further improve
its performance, we synthesized a novel composite material with
GO [23–25].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (a, b) The TEM image of p-acetylcalix[6]arene at different scales.
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Fig. 1. The SEM images of p-acetylcalix[6]arene. (a) Scale bar = [16_TD$DIFF]400 nm; (b) Scale
bar = [17_TD$DIFF]50 nm.
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Fig. 3. The fluorescence spectrum of the reaction of p-acetylcalix[6]arene with β-
phenethylamine.
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In this work, a novel calix[6]arene (p-acetylcalix[6]arene) is
synthesized through the methods of acylation and esterification
and ketocarbonyl is introduced into the structure. Then GO is used
to compositewith this p-acetylcalix[6]arene and get the composite
of both (see Section 1 in Supporting information for details). The
composite we obtained has a high selective recognition of β-
phenylethylamine. By comparisonwith thosemethods in literature
above, our method has high selectivity and sensitivity to amine-
containing drugs, and the synthesis of raw materials is relatively
simple. It is an innovative breakthrough in QCM.

The FT-IR spectra was used to characterize p-acetylcalix[6]-
arene, GO and the composite of both (Fig. S1 in Supporting
information). Both the peaks of GO and p-acetylcalix[6]arene
appears in the complex includes, so the composite of both was
successfully doped. Raman spectrum can also prove the successful
composition of the material (Fig. S2 in Supporting information).
The characteristic peaks of GO are weakened and the intensity of
the absorption peak for composite is enhanced.

The surface topography of the sample was microscopically
imaged by scanning electronicmicroscopy (SEM). From the Fig.1, it
can be observed that the p-cetylcalix[6]arene is a regular rod-like
structure [26]. Fig. 2 presented the internal crystal structure of the
sample are characterized Transmission Electron Microscope
(TEM).

The fluorescence spectrum of the reaction of p-acetylcalix[6]
arene with β-phenethylamine is shown in the Fig. 3 [27]. It can be
known that the excitation and emission spectra of the new
calixarene derivative without reaction with β-phenethylamine
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Fig. 4. The SEM images of differentmass ratios of GO and p-acetylcalix[6]arene. (a) GO:p-
[6]arene = 1:5.
liquid are 325 nm and 385 nm, respectively, and the strength is
high. After reacting with β-phenethylamine liquid, both the
excitation and emission spectra are red shifted. The absorption
peak appears at 375 nm and 450 nm, and the intensity decreases.
Fluorescence analysis just coincides with a schiff base mechanism,
the amino group is a color-assisting group. During the reaction
between the carbonyl group and amino group, a large number of
color-promoting groups are introduced, so that the peak is red-
shifted [28]. The Schiff base reaction produces a large amount of
ionic intermediates in a reversible reaction, resulting in destruc-
tion of its conjugated structure, so that the fluorescence intensity is
lowered.

In Fig. 4, it can be analyzed by SEM image that when the
mass ratio of GO to p-acetylcalix[6]arene is 1:4.5, the rod-shaped
p-acetylcalix[6]arene was observed to be uniformly and non-
stacked on the sheet-like GO. This composite of both not only
makes full use of multiple carbonyl groups on the novel p-
acetylcalix[6]arene, but also utilizes the large specific surface area
of the sheet of GO, combining the advantages of both to achieve
high selectivity and adsorption of amine-containing drugs.

For the study of material components, thermogravimetric
analysis is a commonly used analytical method. As shown in Fig. 5,
the first weight loss peak temperature of the p-acetylcalix[6]arene
is between 145 �C and 180 �C, and the weight loss rate is [22_TD$DIFF]6.3%,
resulting fromdehydration andweight loss of hydroxyl groups. The
second weight loss peak temperature is between 350�390 �C, and
the weight loss rate is [23_TD$DIFF]4.9%, which is caused by demethylation. The
third weight loss peak can be found between 400-680 �C and the
weight loss rate is [24_TD$DIFF]88.8%, which is the collapse of the calixarene
ring structure. Due to the incorporation of GO, the weight loss rate
acetylcalix[6]arene = 1:4; (b) GO:p-acetylcalix[6]arene = 1:4.5; (c) GO:p-acetylcalix-
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Fig. 5. Image of the thermogravimetric analysis diagram of 0�800 �C air blowing.
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in the temperature range of 200�700 �C is lower than that of the p-
acetylcalix[6]arene [29].

Fig. 6 shows the response of p-acetylcalix[6]arene and its
complex to β-phenylethylamine adsorption at a low concentration
of 10 ppm, with good response (15 s) and recovery time (12 s). And
at 10 ppmphenylethylamine, the composite of both is 20 Hz higher
than para-acetylcalixarene adsorption. Gradient tests show that as
[(Fig._7)TD$FIG]

Fig. 7. The selectivity of the 12 gases (QCM s
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Fig. 6. The gradient test of 50 ppm, 100 ppm, 15
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Fig. 8. Mechanism of Reaction of p-acetyl
the concentration increases, the response of the compound
gradually increases, and the gas response of the compound about
40 Hz higher than that of p-acetylcalix[6]arene. This advantage of
the compound is even more pronounced at high concentrations.
The principle of theQCMgas-sensitive elements, basic devices, and
basic detection principles of gas on QCM are introduced in detail in
Section 3 in Supporting information.

As we all know, the response time is the time required to
contact a certain concentration of the measured gas to reach a
stable frequency. Recovery time is the desorption time of the
detected gas after N2 blowing. Fig. 6 shows that at 10 ppm
phenylethylamine gas concentration, the response time is less than
15 s, and the recovery time is less than 12 s, so it has excellent
response andrecovery dynamics. Compared with the adsorption
and desorption properties at a low concentration of 10 ppm, the
higher the concentration, the better the sensitivity, and the
adsorption response time and the desorption response time are all
lower than 10 s. In Fig. 7, we can see that at 40 ppm, the adsorption
of β-phenethylamine has an advantage of about 50 Hz over other
gases so p-acetylcalix[6]arene has excellent selectivity. At room
temperature 25�1 �C, ambient humidity is [25_TD$DIFF]45%, using different
saturated aqueous solutions of LiCl,MgCl2,Mg(NO3)2, NaCl, KCl and
KNO3 to achieve different gradient humidity control. The relative
humidity was [26_TD$DIFF]11.3%, 33.3%, 55.87%, 75.61%, 85.92% and 95.41%,
respectively, and humidity measurement experiments were
performed within this range. Humidity and repeatability tests
show that humidity has little effect on calixarene adsorption to
ensor coated with p-acetylcalix[6]arene).

0 ppm, 200 ppm β-phenylethylamine vapor.

calix[6]arene with β-phenethylamine.
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Fig. 9. Adsorption enthalpy of Schiff base between p-acetylcalix[6]arene and amine groups of p-hydroxybenzaldehyde.
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amines and it has good stability in a month (Figs. S6 and S7 in
Supporting information). In summary, the performance of such
QCM sensors for the detection of amine-containing drugs is
attributed to the following factors: The six hydroxyl groups
introduced on the acetyl calixarene can undergo a Schiff base
reaction with the amino group [30–32]. Mechanism reaction is
shown in Fig. 8. The lone electron on β-phenylethylamine attacks
the carbonyl carbon, and an addition elimination reaction occurs.
The imine is unstable, so a reversible reaction occurs.

In order to verify the adsorption mechanism of p-acetylcalix[6]
arene and β-phenylethylamine, we calculated the adsorption
enthalpy and molecular configuration between molecules by
Gaussian simulation (Table S1 in Supporting information). As
shown in Fig. 9, the enthalpychange ( [27_TD$DIFF]DH) is -52.2 kJ/mol. According
to the classical physicochemical adsorption theory, when the [28_TD$DIFF]DH
value is in the range of �80 kJ/mol to �40 kJ/mol, reversible
chemisorption is very suitable formeeting the needs of gas sensors.

In this paper, organic synthesis is used to introduce a carbonyl
group onto calix[6]arene and constructing QCM high frequency gas
sensor. The amine-containing drugs are detected by the character-
istics of their groups. The results show that the novel calix[6]arene
derivative sensor not only shows good response to β-phenethyl-
amine at low concentrations (10 ppm), but also exhibits excellent
selectivity, sensitivity, long-term stability and repeatability.
Through thermodynamic experiments and Gaussian simulations
and fluorescence detection, consistent results can be obtained,
namely the reversible schiff base mechanism principle of carbonyl
and amino groups. The composite of GO and p-acetylcalix[6]arene
aromaticmaterialsnotonly increases the specific surfaceareaof the
material, but also disperses the material into a sheet structure,
further promoting the advantages of the sensor and the drug
sensitivity detection field.
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