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A colorimetric sensor array based on supramolecular host-guest complexes has been developed for the
identification and quantification of quaternary ammonium salts (QAS). QAS are ubiquitous undesirable
compounds for which the identification of the individual compounds is not trivial and needs instrumen-
tal techniques. The sensor array developed by us is constituted by host-guest complexes formed by the

inclusion of tricyclic basic dyes such as proflavine, acridine orange, thionin, and methylene blue inside
the hollow space defined by cucurbit[n]urils with n =7 and 8. The operation of the sensor array has been
demonstrated by differentiating 14 quaternary ammonium salts, some of them differing by a single car-
bon atom in the alkyl group. The detection limit concentration was 10~> M and the system can also be
used to quantify the concentration of the quaternary ammonium ion.

© 2009 Elsevier Ltd. All rights reserved.

Quaternary ammonium salts (QAS) find massive application as
surfactants, particularly in domestic detergent formulations and
cleaning products. Other common uses of QAS are as algaecides
in pools, as antibacterial agents, and as disinfectants. These com-
pounds are recommended sanitizers in food industry to control Lis-
teria monocytogenes, yeasts, molds, and other pathogenous
microorganisms.! There is a wide range of other relatively minor
uses of QAS that expands from electrolytes, electroplating com-
pounds, phase transfer agents, ionic liquids, and templates. Most
of the applications of this class of nitrogenated organic compounds
involve their direct use in aqueous solutions or, indirectly, their
disposal and washouts end in waste waters, producing undesirable
contamination. QAS, when in concentrations above a certain limit,
can play adverse effects in humans and their presence in food
should be avoided. Considering the wide use of QAS and their po-
tential negative effects, there is an increasing attention for their
detection as part of environmental monitoring, water analysis,
and food quality control. Therefore, it is of interest to develop sim-
ple chemical sensors that not only can detect this class of com-
pounds, but also can identify their structure, and quantify their
concentration. Sensor systems that are able to give fast and reliable
results such as chemical sensor arrays represent one of the rapidly
emerging and exciting fields of non-classical analytics.? Colorimet-
ric chemosensors for the detection of organic compounds are very
practical, rapid, and inexpensive techniques that do not need spe-
cially trained personnel or dedicated equipment to use them. De-
spite the importance and ample use of QAS, the number of
analytical techniques applicable to characterize them is very lim-
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ited, particularly compared to amines and other basic nitrogenated
compounds. When the counter ion is devoid of acid-base proper-
ties, QAS are pH neutral and apart from the positive charge there
are not general structural features such as lone electron pairs
and hydrogen bonds that can be used to design specific sensors.
Few test methods have been proposed to determine the concentra-
tion of QAS either in water>* or in more complex media such as
food™5 and surfactants.® Generally, detection and quantification
of QAS can be made by chromatography,®!' potentiometric’ or
spectroscopic techniques, but these instrumental analytical tools
require specific equipments, they are time consuming and need
sample pre-treatments. Reverse phase liquid chromatography has
been applied to QAS detection in milk.! On the other hand, QAS
are indirectly titrated sometimes by determining the concentration
of the corresponding counter ion. This method is particularly use-
ful when the accompanying anion is a halide or an acid or a base.?°
Obviously, this approach, while valid in some cases, suffers from a
lack of general applicability because it is not based on the direct
detection of the QAS. There are scarce precedents in the literature
describing the direct detection of QAS based on colorimetric meth-
ods. For example,® QAS concentration of cetyltrimethylammonium
(CTMA) bromide, tetradecyltrimethylammonium (TDTMA) bro-
mide, and octadecyltrimethylammonium (ODTMA) bromide is
determined by titration with sodium tetraphenylboron solution
and with methyl yellow as an indicator. Some of the colorimetric
methods exploit the ability of these compounds to act as phase-
transfer catalysts. Thus, the influence of the presence of quaternary
ammonium ions on the partition of a dye between an aqueous and
an organic phase is the property used to detect them. However,
this methodology suffers from the interference of other phase-
transfer agents and also from the fact that quaternary ammonium
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-;tarlrll:t:res, names, and molecular formulae of the 14 QAS used to test the performance of the sensor array with their corresponding structure
Short Molecular formula Structure Full name
CTMA Ci9H4oN Cetyltrimethylammonium
DABENZ C20H26N3 1,4,-Dibenzyl-4-aza-1-azonia-bicyclo[2.2.2]octane
DABMET CgHisNy 1,4-Dimethyl-1,4diazoniumbicyclo[2.2.2]octane
DDTMA CysHssN Dodecyltrimethylammonium
DMT Cy6H3gN3 Decamethonium-N,N,N,N',N',N'-hexamethyl-decamethylenediammonium
HMT Cy2H30N, Hexamethonium-N,N,N,N',N',N’-hexamethyl-hexamethylenediammonium
OMT Ci4H34N, Octamethonium-N,N,N,N',N',N’-hexamethyl-octamethylenediammonium
TBA Ci6H37N Tetrabutylammonium
TDTMA C17H3sN Tetradecyltrimethylammonium
TEA CgHyoN Tetraethylammonium
TMA C4H ;3N Tetramethylammonium
TMB CyoH16N Benzyltrimethylammonium
TMT CqoHa6N3 Tetramethonium-N,N,N,N',N',N'-hexamethyl-tetramethylenediammonium
TPA CioHogN Tetrapropylammonium

ions of short alkyl chains do not act as phase-transfer catalysts. In
addition, detection based on phase transfer of a dye does not allow
to identify unequivocally the chemical structure of the QAS. Other
colorimetric protocols are based on the precipitation of an anionic
dye, such as eosin, due to the formation of an insoluble salt by ion
pairing with quaternary ammonium ions. This procedure using eo-
sin as an indicator has been proposed to detect and quantify qua-
ternary ammonium ions in milk with a detection limit of
5 ppm.>>1% Colorimetric test papers are commercially available
to measure the strength of sanitizer solutions and thus to detect
quaternary ammonium ions such as alkyldimethylbenzylammoni-
um (benzalkonium bromide),’'"!* and didecyl dimethyl ammo-
nium,'? in cooking tools and kitchens.'* However they do not
give individual response for different QAS; for example, benzalko-
nium bromide, CTMA bromide, hexadecylpyridinium chloride,
dodecyltrimethylammonium (DDTMA) bromide, and ODTMA chlo-

ride will all turn a yellow-green test strip into turquoise-blue as
indicated by the provider.!> The present situation is that there
are no available colorimetric chemosensors that are able to identify
the individual structure of various quaternary ammonium ions in
water. The advantage of sensor arrays in terms of simplicity and
accuracy led us to evaluate the potential of our recently pre-
sented'® sensor array based on supramolecular host-guest com-
plexes for the detection and identification of QAS in aqueous
media. The results obtained with 14 different QAS (see Table 1)
show that our sensor array is particularly suited to detect and iden-
tify this type of elusive chemical compounds.

Most approaches on chemical sensing remain largely based on
the design of selective sensors for individual organic compounds,
requiring dedicated synthesis while frequently showing a very lim-
ited solubility in water.'® On the contrary, we have shown that our
system!> based on the colorimetric response of supramolecular
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host-guest complexes is very simple and gives immediate, accu-
rate, and trustworthy results. In addition, no calibration and com-
plicated chemometric procedures are required.

Concerning our sensor array, despite the individually low selec-
tivity of each component of the system, the cross-analysis is of out-
standing capability. Such impressive performance is achieved
owing to a set of non-specific, but cross-effective basic dyes and or-
ganic capsules. This is illustrated by the perfect discrimination of
14 different QAS. The sensor array is able to discriminate among
QAS showing only very subtle dissimilarities. Such strength is
mainly due to the diversity of interactions between the analytes
and the host-guest complexes. The colorimetric test described
here is based on the positive charge borne by the quaternary
ammonium ion and on the size and polarity of the overall molecule
to differentiate among different quaternary ammonium ions. Spe-
cifically our chemosensor is based on the influence of quaternary
ammonium ions on the host-guest complex of cucurbit[n]urils,
more precisely CB[7] and CB[8], with basic dyes,'” namely profla-
vine (PF), oxonine (OX), pyronine (PY), methylene blue (MB), thio-
nine (TH), and acridine orange (AO). Due to the affinity of the
portal carbonyl groups of CBs for positively charged organic spe-
cies, QAS interact with CBs and disturb the dye-CB complex lead-
ing to changes in color or fluorescence emission. The binding of the
analyte to the receptor affects the host-guest complex triggering a
response which is reported through colorimetric and fluorimetric
color changes. As an example Figure 1 shows the response of the
14 QAS under study for the host-guest complex of PF with CB[7]
and CB[8]. Thus, processing the colorimetric-fluorimetric varia-
tions through simple Euclidian distances calculation inside the
Red-Green-Blue (RGB) space allows a perfect identification and
discrimination.

The sensor array in which this application of identifying QAS is
based has been already reported by us for the detection of
amines.!® In a 3 x 7 well plate, each of the rows receives one of
the six common over-the-counter tricyclic basic dyes, while only
two host capsules (CB[7] and CB[8] (among the seven employed
in our precedent work)),'> and water are distributed in columns.
The capsule-free column provides a reference that shows the rele-
vance of the complexation between capsules and dyes in the dis-
crimination process. Multi-well plates are identically prepared
with 200 pl of water or capsule solution (1 x 107 M), and 70 ul
of dye (3.86 x 10~* M). Each of the plates is employed for one gi-
ven QAS, each well being filled with 30 pl of analyte in aqueous
solution producing the color alteration which is examined by plac-
ing the plates into a black chamber illuminated under ‘white’ (400-
700 nm) or quasi monochromatic UV light (330 nm). When illumi-
nating with UV light, the image is due to the fluorescence emission
of the dyes.

For both types of illumination, a picture is taken with a CCD
camera from which RGB values are extracted. Then, various statis-
tical analyses of all collected color components are performed. Fi-
nally different algorithms,'®!® such as classification trees and
principal component analysis (PCA), are employed in order to high-
light the colorimetric features that make each analyte unique.
Other algorithmic approaches!®2° such as support vector machine
(SVM) and neural networks (NNs) could be employed, but the rel-
ative low number of wells needed to discriminate QAS makes these
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Figure 1. Colorimetric response of 14 QAS with PF@CB[7] or PF@CB[8] (line) at
103 M under UV light illumination. For QAS codes and structures see Table 1.
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Figure 2. Example of discrimination tree where each node corresponds to a given
complex, that is, the letter refers to the dye (A: MB, B: TH, C: OX, E: AO, F: PF), while
the number in subscript corresponds to CB[n] with n={7 or 8}. In each node is
reported the light, which is employed for the detection: either UV or ‘white’ light.
The squares are painted with the observed color.

advanced techniques unnecessary, while the tree representation is
preferred due to its obvious clarity. The specific response of the ar-
ray for each compound at six different concentrations 10~ M, with
x =[1-6] is digitalized.

Among the numerous possible sequences of wells allowing a
perfect discrimination, the tree presented in Figure 2 is chosen as
CTMA, DDTMA, TDTMA are discriminated after one single well
observation. Note that TMA, TBA, TPA, and TEA are also discrimi-
nated by the first split as each compound belongs to separated
leaves. Consequently, our sensor is able to discriminate and iden-
tify various QAS with the slightest structural changes, that is, a sin-
gle carbon difference.

The response to each analyte varies in a certain range as a func-
tion of its concentration. Figure 3 shows the case of TMA and
DABENZ with AO@CBJ7] to illustrate the variations observed as a
function of the concentration. It can be observed that overlapping
in the images of different analytes may occur, usually either when

Figure 3. Variation of the concentration of DABENZ and TMA with AO@CB|7]. The
inset shows the digitalized colors of AO@CB[7] at concentrations ranging from
10°M, with 0 < x < —4.
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the concentration reaches a lower threshold (due to the fact that all
the images, independently of the analyte, tend to converge to the
images in the absence of analyte when the dilution is sufficiently
high),or for a few cases where trajectories are crossed as pointed
out in Figure 3. Under our operation conditions, we have been able
to distinguish the presence of analytes for concentrations above 10
—> M. This sensitivity limit is certainly remarkable and outperforms
the current colorimetric tests.

In conclusion, the above results show an original and innovative
colorimetric sensor array for QAS in water based on a library built
by combining a series of guest dyes with cucurbiturils. Taking into
account the numerous potential applications, and also because of
its simplicity and efficiency, the presented sensor array appears
as very promising. As far as we know, this is the first sensor that
is able to discriminate and identify various QAS.
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