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A sensor array consisting of six cationic fluorescent conjugated
polyelectrolytes (CPEs) is reported, which could readily
differentiate nine closely related hydrophilic nitroaromatics (NACs)
in separate aqueous solutions by fluorescence pattern recognition
and linear discrimination analysis (LDA).

Fast and reliable detection of hazardous nitroaromatics (NACs)
is crucial for homeland security, environmental monitoring,
coal explorations, and military operations.l’3 NACs, such as
picric acid and 2,4,6-trinitrotoluene, are widely used in
manufacturing of explosives and blasting in engineering,
leading to environmental contaminations.” ® In addition,
hydrophilic NAC pollutants in water sources are related to
several diseases, including gastritis, hepatitis, anaemia,
cataract, and severe neurological damage.s’8 Therefore,
suitable sensors with high sensitivity and selectivity for
identification of trace NACs in water bodies are in urgent
demand for environmental protection and sustainable
development.

Currently, a wide range of instrumental techniques, such as
mass spectrometry (MS), X-ray diffraction (XRD), nuclear
quadrupole resonance (NQR), and cyclic voltammetry (CV), are
available for NACs detection.” *° Although these methods
provide advantages, their use is limited due to strong reliability
on expensive instruments, complicated operations, and
inability to transport. Optical sensors provide alternative
methods for NACs detection, as they exhibit high sensitivity,
selectivity, portability, and cost-effectiveness.™™* Among
fluorescent materials, conjugated polymers (CPs) have
attracted significant research attention and have been applied
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Scheme 1. Structures of the nine nitroaromatics (NACs)

in chemo- and bio-sensing due to their strong light absorption
and fluorescence emission, as well as high sensitivity to small
perturbations.ls'18 For example, Swager et al. utilized
fluorescent porous CP films for detection of explosive vapors
containing TNT.™ In addition to specific biosensing, where one
CP is used to target one analyte, CPs are also applied to the
construction of array-based sensors to screen series of
structures or property-similar analytes, such as proteins, metal
ions, and cancerous cells.>*??

Herein, we report an effective fluorescence array-based
sensing method of NACs using six conjugated polyelectrolytes
(six-CPEs) with the ability to differentiate nine NACs. These
nine NACs include 4-nitrobenzoic acid (C-1), 3-nitrobenzoic
acid (C-2), 4-nitrophenol (C-3), 2-methyl-4,6-dinitrophenol (C-
4),  2,4-dinitrophenol (C-5), picric acid (C-6), 4-
nitrobenzenesulfonic acid (C-7), 2,4-dinitrobenzenesulfonic
acid (C-8), 2,4,6-trinitrobenzensulfonic acid (C-9). The
respective structures are illustrated in Scheme 1.

CPEs with cationic groups have attracted much interest
because of their potential application in detecting different
analytes, such as DNA, proteins, hydrogen peroxide, hydrogen
and peroxide.B'30 In this study, six CPEs were synthesized by
Pd-catalysed Sonogashira coupling (structures are shown in
Scheme 2). Among the six CPEs, P1, P2, and P3 shared the

J. Name., 2013, 00, 1-3 | 1


mailto:tancy@sz.tsinghua.edu.cn
mailto:tan.ying@sz.tsinghua.edu.cn

P OO~NOUILAWNPE

U OTUu U OITON OO DMBEMDIAMDIMBAEADIAMDIMDNWOWWWWWWWWWWNDNNNNNNMNNNNRERPRPRPERPRERPERRERE
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

Analyst

P3 P4 (m=2), P5 (m=s), P6 (m=12)

Scheme 2. Structures of six cationic conjugated polyelectrolytes (CPEs)
same poly(p-pheynylene ethynylene) backbones, whereas
P4,P5 and P6 have a backbone of poly(p-phenylene ethynylene
terthiophene), and have the same quaternary ammonium salt
as terminal hydrophilic groups with different aliphatic chain
Iengths.31 The molecular weight of the six CPEs were
determined using matrix-assisted laser desorption ionization
(MALDI) mass spectrometry and are listed in Table 1. Generally,
the M,, and M,, values ranged between 11.7 and 16.8 kDa,
18.4 and 25.8 kDa, respectively, giving polydispersity indices
(PDI) between 1.50 and 1.65, which is reasonable for step-
growth polycondensation.

Previous reports suggested that polymers
demonstrated similar photophysical properties as P1-P3.
However, due to different backbone structures, conjugation
lengths, aggregation states, and side groups, the absorption
and fluorescence spectra display some differences. For
example, the introduction of terthiophene units into the
backbone lowered the band gap of P4-P6 compared to P1-P3,
resulting in a 15-50 nm red-shifted absorption band, as shown
in Fig. 1a. The shorter side chains of P4 made it less aggregated
in aqueous solution, demonstrating a greater quantum yield
than P5 and P6 with a more structured emission band at a
shorter wavelength (Fig. 1b).

It has been reported that NACs can efficiently quench the
fluorescence of CPEs by means of electron transfer from the

P4-P6
29-32

Table 1 Characterization data of P1-P6.

Polymer M, M, PDI* Xy A% Afax
(x 103 Da)* (X 10° Da)* (nm)  (nm)

P1 12.2 18.4 1.51 35 386 470
P2 15.0 22.6 1.50 26 429 462
P3 11.7 19.2 1.65 18 400 490
P4 16.8 25.8 1.53 26 461 457
P5 13.3 20.4 1.53 19 479 554
P6 14.6 23.4 1.60 19 444 560

*Molecular weights were measured on a 4700 Proteomics Analyzer MALDI-
TOF/TOF-MS using 2,5-dihydroxybenzoic acid (DHB) as the matrix.
®Obtained according to formula PDI=M, /M,,
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Fig. 1 UV-visible absorption (a) and fluorescence emission spectra (b) of P1 (red),
P2 (green), P3 (black), P4 (blue), P5 (pink) and P6 (cyan) in aqueous solution
(Aex=415). Emission spectra were normalized to reflect relative quantum yields.

excited polymers to the electron acceptor in NACs.** However,
selectivity is difficult to achieve using a single CPE. In 2008,
Knapp et al discriminated NACs and explosives mimics by a
fluorescent Zn(salicylaldimine) sensor array.34 Therefore,
instead of just a single response of a given polymer to one
specific analyte, CPE-based sensor arrays can facilitate analysis
of a combination of responses.zo"22 In this study, quenching
analysis of the 6 polymers by 9 NACs was carried out in order
to build response patterns. The responses were calculated as
the ratio of fluorescence intensity at emission, lg/l, where I,
and | were the fluorescence intensities of each CPE without
and with NACs, respectively. Fingerprint analyses were carried
out using 9 NACs, all with the concentration of 1.0 uM. As
shown in Fig. 2, the bar graph demonstrates different
quenching responses. We speculated that the interaction
between the polymer and NACs as well as the redox potentials
of the NACs played very important roles in determining the
quenching efficiency. For example, P3 has more positive
charges on each polymer repeat unit compared to P1 and P2,
and thus shows stronger fluorescence quenching when the
NAC analyte is negatively charged due to stronger electrostatic
attraction. For P4, P5 and P6, which shared the same backbone
structure, the binding affinities are different due to polymer’s
different lengths of ionic side chains. Specifically speaking, P4
with the shortest side chains showed the lowest quenching
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Fig. 2 Response patterns constructed based on fluorescence quenching of the six
CPEs by nine NACs at 1 uM each.
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Fig. 3 2-D canonical score plot of the fluorescence response patterns obtained by six-
CPE sensor array against nine NACs at 1.0 uM concentration.

efficiency to any NAC analyte compared to P5 and P6.
Furthermore, compared to C-2 without charges, the CPEs were
quenched more efficiently by NACs with charged C-1, C-2, and
C-7. Furthermore, trinitro-substituted NACs showed higher
quenching abilities than both dinitro-substituted and
mononitro-substituted NACs.

In this analysis, fluorescence data were collected in six
replicates and subjected to LDA using R software (i3863.0.3). It
was transformed into four canonical scores (90.16%, 5.7%,
2.3%, and 0.9% variation). The first two factors accounted for
95.86% of the variance and were used to construct the two-
dimensional discrimination plot. As shown in Fig. 3, the
horizontal and vertical axes have 90.16% and 5.7% weighting,
respectively. Each dot represents the fluorescence response of
the six-CPE sensor array to a single NAC concentration. The
results for the nine different NACs are clearly clustered into
nine non-overlapping eclipses. Mononitro-substituted NACs (C-
1, C-2, C-3, C-7) were separated from dinitro-substituted NACs
(C-4, C-5, C-8). Picric acid (C-6) and 2,4,6-
trinitrobenzenesulfonic acid (C-9) were well separated from
the others due to their high quenching efficiency.

Further classification experiments were tested in which the
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Fig. 4 2-D canonical score plot of the fluorescence response patterns obtained by
six-CPE sensor array (A4 = 0.1) against nine NACs (Aszq = 0.05).
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Fig. 5 2-D canonical score plot of the fluorescence response patterns obtained by six-
CPE sensor array (A= 0.1) against three unknown samples (Azg = 0.05).

absorbance of NACs, Ajy, was fixed at 0.05 at 300 nm, at
which the concentration of NACs was in the range of 7 to 100
M M approximately, depending on the different molar
extinction coefficients. The resulting data were analyzed and
transformed into four scores through LDA using R software,
which accounted for 94.74%, 3.78%, 1.19%, and 0.2% variation.
The first two factors were used to construct the two-
dimensional discrimination plot, as shown in Fig. 4. Each dot
represented the fluorescence response of the six-CPE sensor
array to a single NAC concentration. Obviously, the results for
the nine different NACs are clustered into nine non-
overlapping groups.

To explore the potential application of each array to NACs
analysis, we tested the six-CPE sensor array to quantify
unknown NACs in aqueous solution. Three samples were
selected randomly from the nine NACs to avoid the influence
of anthropogenic. The array response to each unknown sample
(A300= 0.05) was compared to classification data and unknown
samples were identified according to their placement in this 2-
D space in Fig. 5 with a 95% confidence interval. The three
unknown samples were identified with 100% accuracy.

Conclusions

In conclusion, a sensor array consisting of six cationic CPEs was
designed for detecting nine NACs. The varying binding affinity
gave rise to distinct fluorescence response via polymer-
nitroaromatic interactions and fluorescence quenching. Nine
NACs were differentiated successfully in aqueous solution both
at a concentration of 1.0 uM and at a fixed absorbance of 0.05
at 300 nm by 2-D discriminant patterns. Furthermore, our six-
CPE sensor array provided a practical and efficient method to
determine the unknown samples with 100% accuracy.
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