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Polyurethane-based molecularly imprinted polymers (MIP) and Ag,S nanoparticles (NP) form a

nanocomposite that is suitable for detecting vapours of aliphatic alcohols with quartz crystal
microbalance (QCM) sensors. The resulting sensor responses are almost three times higher than the
average response of its two constituents: the composite leads to a normalized response of —70 Hz
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towards 400 ppm 1-butanol vapour in air, which is two times more than for a pure NP layer of the same

thickness and four times higher than the response of the MIP. Furthermore, the MIP leads to structural
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Introduction

It is well-known that the properties of nanomaterials substan-
tially differ from those of the respective bulk matrix. This is
caused by their high surface-to-volume ratio, strong adsorption
efficiency and high surface reactivity."* Among other application
areas for nanoparticles, chemical sensors using them as recog-
nition layers are currently attracting substantial scientific
interest.*” The high specific surface of those sensing materials
leads to substantially increased active interfaces as compared to
“classical” thin films and hence increased sensitivity.*** Both
sensitivity and selectivity can be tuned by exploiting affinity
interactions between sensor layer and analyte, based e.g. on
hydrophilic or hydrophobic properties.”> The idea can be
extended to other types of non-covalent interaction, which ulti-
mately leads to biomimetic receptors.”*>* A different approach
aims at combining the properties of two or more materials,
resulting e.g. in inorganic-organic composite microspheres.”>**
Recently substantial efforts have been made to integrate inor-
ganic nanoparticles into polymer matrices to generate inorganic—
organic composites.” Numerous methods including physical
vapor deposition, chemical vapor deposition, wet-chemical
processes etc. are suitable for fabricating such composite mate-
rials in order to achieve improved structural and chemical
properties.”**® In going from microscale to nanoscale, several
papers have explored composites of nanoparticles and/or carbon
nanotubes and polymers.**** Very recently, Xu et al. published a
paper on core-shell nanoparticles with a shell consisting of
molecularly imprinted polymers for catalytic purposes.*> Another
approach e.g. aims at detecting cytochrome c by introducing
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selectivity that strongly prefers 1-butanol over 2-butanol due to the branched structure of the latter.
Selectivity reaches a factor of almost five.

CdTe quantum dots as fluorescence probes into a MIP** hence
integrating recognition layer and transducer. A somewhat similar
approach mixes gold nanoparticles coated with electro-
polymerized chitosan and graphene, respectively, to electro-
chemically detect erythromycin.?* In both cases the nanoparticles
blended into the matrix hence can be regarded as an indicator
helping to detect changes in the matrix during recognition. In
contrast to this we aim at blending metal sulfide nanoparticles
(in this case Ag,S) with molecularly imprinted polymers (MIP) as
shown in Fig. 1 to assess whether the composite “just” leads to
combined recognition properties or whether the whole material
can be regarded more than the sum of its parts when applying it
as a sensitive material to detect vapours of aliphatic alcohols.

Results and discussion

Previous work on gas sensing with MoS, nanoparticles®* showed
that controlling the exact stoichiometry of an affinity material is
imperative for achieving optimal sensor responses. Therefore
Fig. 2(A) shows a typical powder XRD pattern of as-synthesized
Ag,S nanoparticles where (a) denotes the sample peaks; (b) is
the reference from database, (c) is the difference between
sample and reference peaks and (d) shows the corresponding
Bragg-positions. The strong overlap between the database
spectrum and the actually measured XRD pattern clearly shows
that indeed Ag,S has been synthesized. Furthermore, no
diffraction peaks unrelated to Ag,S can be seen thus confirming
that synthesis resulted in the pure compound. Such nano-
particles show very appreciable affinity interactions towards
alcohols as can be seen in Fig. 2(B). Obviously, the sensing
channel of a 10 MHz quartz crystal microbalance (QCM) coated
with Ag,S leads to substantially higher frequency shifts, than
the respective uncoated reference channel when exposed to dry
air containing 400 ppm 1-butanol vapour.
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Fig. 1 Schematic diagram of nanocomposite generation.

Coating experiments revealed that the silver sulfide nano-
particles can be readily blended with oligomeric MIP precur-
sors. The composite hardens without problems leading to thin
films after spin coating. Fig. 3 summarizes the surface
morphologies of such composites as obtained by AFM: Fig. 3(A)
shows a MIP thin film without silver sulfide nanoparticles,
whereas Fig. 3(B) depicts the composite consisting of same
amounts of polymer and nanoparticles, respectively. One can
clearly see nanoparticles embedded in the thinner parts of the
MIP. So both straightforward synthesis and these AFM images
both underpin the feasibility of the synthetic approach and
strongly indicate that indeed a composite has been achieved.

Sensor characteristics

Fig. 4 shows the sensor responses of nanocomposite and MIP,
respectively, towards different vapour concentrations of
1-butanol vapour between 100 ppm and 400 ppm. The nano-
composite clearly gives rise to five times higher frequency
responses, than the corresponding MIP: at 400 ppm of
1-butanol, the MIP sensor response is —17 Hz at a noise level of
0.14 Hz leading to a limit of detection of 10 ppm. In contrast to
this the nanocomposite yields a response of 70 Hz at 0.11 Hz
noise level for the same vapour concentration. This leads to a
limit of detection of 2 ppm. Furthermore, all sensor responses
are fully reversible. This increase of nanocomposite sensor
signals can best be explained by the accumulative properties of
the Ag,S nanoparticles and the MIP matrix. However, the exact
nature of this increase of course needs further elucidation by
comparing more than just these two matrices (see Fig. 5 and the
discussions related to the data shown there). Nonetheless, it is
evident that there is a substantial difference between the sensor
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responses of MIP and nanocomposite. Hence, blending
molecularly imprinted polymers and affinity materials can
inherently be utilized to improve sensitivity of a sensor.

Finally, regression analysis of the mass-sensitive sensor
characteristic yields a linear calibration function with a slope of
0.64 and a correlation coefficient (R,) of 0.999. Reproducibility
measurements revealed deviations of around three percent for
consecutive exposure to the same analyte concentration.

The added value of the composite can be assessed by taking
into consideration the sensor responses of different possible
layers. For that purpose, Fig. 5 summarizes the frequency shifts
obtained from MIP, NIP (non-imprinted polymer), NPs, NIP +
NPs (non-imprinted composite) and MIP + NPs (imprinted
composite) towards 400 ppm of 1-butanol each. To ensure
comparability, all sensor responses have been normalized to the
same layer height. The latter parameter is accessible by deter-
mining the resonance frequency of a QCM before and after
coating and using this frequency change for normalizing the
sensor responses. This approach makes sure that sensor layers
of the same mass are compared and the different densities of
NP and MIP do not have to be taken into account. Evidently the
NIP gives rise to the lowest effects, thus indicating comparably
low nonspecific affinity between the polymer and the alcohol.
Sensor responses of the NIP/NP composite are higher by a factor
of three. The reason for this is that obviously some of the
particles are exposed on the polymer surface and undergo
affinity interactions with 1-butanol. Sensors that are coated with
MIP give rise to four times higher sensor responses, than the
corresponding NIP. Imprinting has thus obviously generated
interaction sites for 1-butanol in the MIP. The magnitude of the
response indicates that binding sites are present within the
entire volume of the thin film and not only on its outer surface,

This journal is © The Royal Society of Chemistry 2014
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Fig.2 XRD powder diffraction pattern of Ag,S nanoparticles where (a) is the sample peaks; (b) is the reference from database, (c) is the difference
between sample and reference peaks and (d) shows the Bragg-positions.

which is in line with many previous QCM MIP sensors. The MIP
also yield higher sensor responses than the NIP/NP composite
material. Furthermore, the sensor response of pure NP is higher
by the factor of 8 than that of NIP indicating that the affinity of
Ag,S towards alcohols is substantially higher than that of the
polymers. Of course, this effect can be attributed to a combi-
nation of their higher surface area and different affinities.
Combining the Ag,S NPs and MIP finally leads to an
improvement factor of 16 over NIP, which is even two times
larger than the response of the pure nanoparticles. Given the
fact that all layers are normalized to the same film mass, this
means at least three times higher increase of sensitivity by the
combination: the MIP yielded ~20 Hz, the NP layer ~35 Hz
response. Taking the mass ratio between the two materials in

This journal is © The Royal Society of Chemistry 2014

the composite (2.25:1 polymer-Ag,S), one would expect a
response of roughly 25 Hz if the effects of the two constituents
of the composite simply added up. However, we measured
almost three times higher signals. This indicates that the MIP
functions as a “pre-concentrator” for alcohol around the Ag,S
nanoparticles. So the sensing capability of the silver sulfide-
polyurethane composite material is determined by a combina-
tion of NP and MIP recognition. This phenomenon can be
explained by the affinity between the alcohol and the nano-
particles, which is evident from the sensor responses shown in
Fig. 2(B) and 5, respectively: obviously, butanol molecules pre-
organize around the nanoparticles during polymerization. This
leads to a very high amount of binding sites in the polymer
matrix in the immediate vicinity of the nanoparticles. Therefore

RSC Adv., 2014, 4, 12723-12728 | 12725
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Fig. 3 (a) AFM image of MIP without particles (b) AFM image of
composite material containing Ag,S.
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Fig. 4 Sensor signals of MIP and nanocomposite towards different
concentrations of 1-butanol.

the density of binding sites is comparably high in those areas of
the polymer. In addition, their affinity towards butanol is
further enhanced by the presence of the nanoparticle surface.
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The second main advantage of combining MIP and nano-
particles is that it also clearly introduces steric selectivity into
the nanocomposite, which is of course not possible for the pure
NPs. The sensor responses of pure silver sulphide nanoparticles
as well as two nanocomposites based on MIP for 1-BuOH and
2-BuOH, respectively, towards 400 ppm of both alcohols each
are summarized in Table 1. Ag,S NPs yield —37 Hz sensor
signals towards 1-BuOH and —30 Hz toward 2-BuOH indicating
only minor selectivity in this case. The affinity between NP and
the alcohols obviously hardly depends on steric properties and
might result from slightly different acid-base behaviour of
secondary alcohols. On the other hand, the sensor response
of 1-BuOH MIP nanocomposite is —70 Hz towards 400 ppm of
1-butanol, but only —10 Hz response towards the same
concentration of 2-BuOH. Such a high selectivity factor is of
course the consequence of steric discrimination by the MIP.

In the same way the composite based on the 2-BuOH-MIP
yields a sensor signal of —50 Hz towards its template, but only
—25 Hz towards the linear 1-BuOH clearly indicating similar -
but somewhat lower - steric selectivity introduced by the MIP.
Hence it is obvious from Table 1 that pure Ag,S nanoparticles
cannot distinguish between 1-butanol and 2-butanol, whereas
in the case of the MIP this is achieved beyond any doubt. In
addition to their increased combined sensitivity, the nano-
composites therefore also profit from the selectivity introduced
by the polymer.

Table 1 Recognition material layers response comparison towards
1-butanol (1-BuOH) and 2-butanol (2-BuOH)

Af Af Af
Materials (1-BuOH)  (2-BuOH) (1-BuOH)/Af (2-BuOH)
NPs —-37 -30 1.2
Composite (1-BuOH) —70 —15 4.7
Composite (2-BuOH) —25 —50 0.5

This journal is © The Royal Society of Chemistry 2014
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For finally characterizing selectivity, Fig. 6 summarizes the
sensor responses of 1-BuOH-MIP nanocomposite towards the
two butanols, propanol and n-octane. Again, the sensor
responses of the two butanol isomers differ from each other by
the factor of about five despite having the same molar mass and
functionality and differing only their steric properties.

Furthermore, the sensor was subjected to a compound
having different molar mass but same functionality, namely
1-propanol: the sensor yields a response of only 5 Hz against
400 ppm, which corroborates selectivity of the MIP. Here, the
principal affinity of the nanoparticles towards the alcohol
functionality (that can be seen from the sensor responses of the
pure NP) is even counteracted by the MIP-part of the composite.
Consequently, a compound that is too large for the cavities in
the MIP and does not interact with the NP leads to minimal
frequency effects. When regarding the sensor responses of the
pure MIP, one can clearly see that nanocomposite selectivity is
indeed mainly governed by the polymer in this case.

Experimental

Chemicals

Diisocyanato-diphenylmethane (DPDI), bisphenol A (BPA),
phloroglucinol, tetrahydrofuran (THF), H,S gas, AgNOs3, ethanol
were purchased from Merck and Fluka with highest purity
available and used as received.

Synthesis of Ag,S nanoparticles

Silver sulfide powder particles were produced via precipitation
method following an already published procedure.*® These
particles were washed with anhydrous ethanol and retrieved by
centrifugation. Nanoparticles with different sizes were sepa-
rated from each other by resuspending them followed by
centrifugation at 4000 rpm for different amounts of time, i.e.
particles with larger size sedimented more rapidly, than lighter
ones. The nanoparticles were dried at 800 °C for 24 hours. This
approach results in particle diameters of roughly 50 nm.
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Fig. 6 Selectivity pattern of nanocomposite material.
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Synthesis of Ag,S-polyurethane nanocomposite material

Polyurethane was prepared according to an already published
procedure.’” We used diisocyanato-diphenylmethane (DPDI)
containing about 30% of triisocyanates for this synthesis. 1.0 g
of DPDI, 1.97 g of bisphenol A (BPA), 0.22 g of phloroglucinol
and 2 ml of tetrahydrofuran (THF). After obtaining a homoge-
neous mixture of these compounds, we diluted 30 pl of it with
970 pl of 1-butanol. Then we added 10 mg of Ag,S nanoparticles
to 500 ul of this oligomer solution and thus obtained a
suspension of Ag,S-MIP polyurethane composite material
which results in a mass ration of 2.25 : 1 (w/w) between polymer
and NP. This was further diluted 30 times with the respective
template solvent. The respective NIP/NP composites were
synthesized with THF as a solvent in all synthesis steps.

Quartz crystal microbalance (QCM) design and preparation

All sensor measurements shown in this paper are based on
10 MHz quartz crystal microbalances with screen-printed dual
channel structures. After electrode deposition, the QCM sheets
were immersed overnight in 5-10% solution of 1-butanethiol in
n-heptane to generate a monolayer of alkanethiolate on the gold
surface. This prevents baseline drift/irreversible sensor
responses caused by the thiol background in air. On the
respective working electrode, a layer of 2-3 kHz was generated
by spin coating 5 pl of composite material onto both faces of the
quartz at a speed of 2000 rpm. QCM were dried overnight at
80 °C.

Measuring apparatus. For determining the resonant
frequencies of our devices before and after coating, we recorded
damping spectra with a network analyzer (Agilent Technologies
E5062A). During sensor measurements a custom-made dual-
channel oscillator circuit drove the QCM. The frequencies were
read out by the means of a two channel frequency counter
(Agilent Technologies 53131A) and a custom-made software. Air
streams with defined amounts of analyte were generated by a
gas mixing apparatus based on mass flow controllers (Tylan-
RO7020).

Atomic force microscopy (AFM)

AFM measurements took place on a Veeco NanoScope IVa in
contact mode at 1 Hz scan rate. 5 pl of nanocomposite in THF
(tetrahydrofuran) was deposited on glass substrate and
analyzed with contact mode scanning.

X-ray powder diffractometry

Diffraction (XRD) data of Ag,S was obtained from a Guinier-
Huber image plate employing monochromatic Cu Ko1-radia-
tion (1.54056 A). The sample measurements were carried out at
a voltage of 40 kv and a current of 30 mA. The diffraction
pattern was recorded from 8° to 100° in 26 geometry on an
image plate. Particles were deposited on a polymeric sample
holder by paraffinic adhesive material not interfering with the
measurement.
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Conclusions

Blending MIP with inorganic nanoparticles results in a nano-
composite material with novel collective properties: the sensi-
tivity obtained on QCM is roughly tripled compared to the pure
materials. By utilizing both the affinity resulting from the NP
and the selectivity of the MIP, one can thus make use of the best
of both worlds on the way to high-performance gas sensors.
Taking into consideration the different densities of the polymer
and the NP, this may finally result in thinner sensor layers.
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