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ABSTRACT: Two poly(pyrene-co-phenyleneethynylene)s of different compositions
(PyPE-1 and PyPE-2) were synthesized and characterized. The two polymers had been
casted, separately, onto glass plate surfaces to fabricate films (film 1, film 2) for sensing
performance studies. It has been demonstrated that the fluorescence emissions of the two
films are sensitive to the presence of 2,4,6-trinitrotoluene (TNT) in aqueous phase.
Interestingly, TNT shows little effect upon the emission of the parent polymer,
poly(phenyleneethynylene) (PPE). The difference was explained by considering (1)
the T—T interaction between pyrene moieties contained in the copolymers and the

analyte, TNT, molecules, and (2) more suitable matching of the LUMOs (lowest unoccupied molecular orbital) of the pyrene-
containing conjugated polymers with that of TNT molecules. Further experiments demonstrated that the sensing is reversible and
rarely encounters interference from commonly found compounds, including other nitroaromatics (NACs). Fluorescence lifetime
measurements revealed that the quenching is static in nature. The smart performance of the films and the easiness of their
preparation guarantee that the films may be developed into sensor devices for the supersensitive detection of TNT in groundwater

or seawater.

B INTRODUCTION

Sensitive and selective detection of nitroaromatic compounds
(NACs), particularly 2,4,6-trinitrotoluene (TNT), both in the air
and in solutlon has attracted much attention due to security
reasons. Untll now, chromatography,” surface-enhanced Raman
spectroscopy,” amperometry,” energy- dispersive X-ray analysis,®
cyclic voltammetry,® etc., have been employed for the detection
of NACs, but these methods suffered from some of the draw-
backs such as the cumbersome pretreatment of samples, inter-
ference from other compounds, low sensitivity or sophisticated
instrumentation, etc.” In comparison, the fluorescence method
possesses supersensitivity, great selectivity, low cost in instru-
mentation, and possibly some other advantages in the detection
of NACs."*® For instance, Moore and co-workers® employed an
arylene—ethynylene macrocycle as sensory material to fabricate a
film sensor, which showed compelling efficiency in detection of
exploswe vapor due to extended 1D molecular stacking. Chen
et al.” prepared pyrene-functionalized Ru nanoparticles as che-
mosensors for the sensitive detection of NACs both in the air and
in organic solvents. Zhang and co-workers'® reported a number
of resonance energy-transfer-amplifying fluorescence-based che-
mosensors and realized sensitive and selective detection of NACs
both in organic solvents and in vapor phase. Compared with low-
molecular-mass fluorophores, conjugated polymers possess the
so-called “molecular wire effect” or “superquenching effect”, and
thereby they have attracted much more attention in the explora-
tion of sensing materials for NACs."" Swager and co-workers'>
developed a pentiptycene-derived PPE-based fluorescent film, of
which the blue emission centering at 465 nm is supersensitive to
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the presence of trace amount of TNT in the air and in organic
solvents. Schanze and co-workers’ study'® revealed that the
thickness of a conjugated polymer film has a great effect upon
its response rate to the presence of NACs in vapor phase. Pei and
Liu'* reported an electrospun nanofibrous film doped with a
conjugated polymer and found that the film can be used for the
detection of NACs in vapor phase with high sensitivity and
selectivity. Trogler and co-workers'® developed a new class of
conjugated polymers with silicon in the main chains, and new
fluorescent films were fabricated by spin-coating the polymers
onto suitable solid substrates. Sensing performance studies
revealed that the films are superior for detecting NACs both in
the air and in organic solvents.

Sensing of NACs in groundwater or seawater is of great
importance for detecting burled unexploded ordnance and for
locating underwater mines." ® There are also environmental
monitoring applications for characterizing soil and groundwater
contaminated by toxic TNT at military bases.'” However, most
conjugated polymer-based film sensors for explosives are applied
either to the air samples or to those in organic solvents, and only a
very few are used for aqueous samples. For instance, Fujiki and
co-workers'® fabricated a sensing film by casting the THF
solution of fluoroalkylated polysilane onto quartz substrate.
The film can be used for the detection of picric acid (PA) and
DNT in aqueous phase but no significant selection to other
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Scheme 1. Schematic Representation of the Synthesis of Conjugated Polymers PyPE-1, PyPE-2, and PPE and the Fabrication and

Sensing Performance of the Films
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NAGCs. Recently, our group' developed several self-assembled
monolayer (SAM)-based fluorescent films, which are also sensi-
tive to the presence of NACs in air, in organic solvents, and in
aqueous phase. In particular, some of the fluorescent films
developed in our laboratory possess high selectivity to PA or
nitrobenzene (NB).*° To enhance selectivity, Nesterov and co-
workers*' employed cross-linked molecularly imprinted conju-
gated polymer (MICP) as sensing fluorophore in the creation of
a TNT film sensor. However, the film as developed possesses a
good selectivity to DNT rather than TNT when it is used in
vapor phase. Furthermore, the response of the film to the NACs
vapor is relatively slow. Sensor array was also utilized for the
differentiation of different NACs of highly similar structures.
Woodka and co-workers®” reported a fluorescent sensor array
which was made from five different conjugated polymers coated
onto glass beads. The sensor array exhibited satisfying discrimi-
nation of different NACs when it was used in aqueous medium. A
similar report was also given by Knapp and co-workers.> In the
studies, various Zn(salicylaldimine) complexes were utilized for
the buildup of a fluorescent sensor array. This array is very
successful in the discrimination of different NACs even though
the sensitivity is not very high. A few years ago, Anslyn and co-
workers”* employed various homogeneous fluorescence sensors
for the analysis of NACs in aqueous medium. Detection of a
specific NAC in the samples was realized by combinatorial
analysis of the data obtained. Clearly, creation of highly selective
and sensitive fluorescent films to specific NACs, particularly
TNT, is a big burden to scientists working in the field, even
though some progress has been made in the past few years. No
doubt, there is still big room for developing novel fluorescent
films with highly selectivity and sensitivity to a sepcific NAC,
particularly in aqueous phase.

It is known that enlarging the effective conjugation degree of a
7r-system and enhancing its binding ability to an analyte is still an
effective way to enhance its performance in sensing the analyte.”®
Pyrene is a well-known polycyclic aromatic compound and
possesses high fluorescence quantum yield. Furthermore, it
preferentially binds NACs via electron donation and acceptation
interaction.”® Accordingly, it is expected that introduction of
pyrene structure into a simple but typical conjugated polymer,
PPE, may bring the polymer substantial selectivity and sensitivity
when it is used for the detection of NACs in aqueous phase, and
thereby two poly(pyrene-co-phenyleneethynylene)s of different

compositions were designed and synthesized (PyPE-1 and PyPE-
2). On the basis of the two copolymers, film 1 and film 2 were
prepared by simple casting the PyPE-1 and PyPE-2, separately,
onto glass plate surfaces (Scheme 1), and their sensing perfor-
mances to NACs in aqueous phase were investigated. This paper
reports the details.

B EXPERIMENTAL SECTION

Materials. Pyrene (Alfa, 98%), 2-methylbut-3-yn-2-ol (Alfa, 98%),
trimethylsilylacetylene (Alfa, 98%), diphenylacetylene (Acros, 97%),
Pd[PPh;],Cl, (Alfa, 99.5%), Pd(PPhs), (Alfa, 99%), and Cul (Alfa,
98%) were used as received. 1,6-Diethynylpyrene, 1,4-dihexadecyloxy-
2,5-diiodobenzene, and 1,4-diethynyl-2,5-dihexadecyloxybenzene were
prepared by employing corresponding slightly modified literature
methods.”””® THF and toluene were distilled from sodium benzophe-
none ketyl under argon prior to use. All manipulations for the prepara-
tion of the samples were performed using standard vacuum line and
Schlenk techniques under a purified argon atmosphere. NACs including
TNT, DNT (2,4-dinitrotoluene), NB (nitrobenzene), and PA (2,4,6-
trinitrophenol) were of analytical grade and used directly without further
purification. Caution: TNT and other NACs used in the present study are
highly explosive and should be handled only in small quantities. The
seawater was collected from East China Sea, located in Xiamen, China,
and the seawater was used without any purification. The glass plates used
in the work were commercially available microscope slides (Sail Brand,
Yancheng Feizhou Bosu Co., China).

Instrumentation. The 'H NMR data of the samples were collected
on a Bruker AV 300 NMR spectrometer. Analysis of C, H, and N was
conducted on a Perkin-Elmer 2400 CHN elemental analyzer. Fluores-
cence measurements were performed at room temperature on a time-
correlated single photon counting Edinburgh FLS 920 fluorescence
spectrometer with a front-face method. The fabricated film was inserted
into a quartz cell with its surface facing the excitation light source. The
cell was fixed in the solid sample holder of the instrument. The position
of the film was kept constant during each set of measurements. The
FTIR spectra of pressed KBr disks for the powder samples were
recorded in the transparent mode using a Bruker Equinox SS infrared
spectrometer. The ellipsometric thicknesses of the layers on glass plate
substrate were measured on SpecEl-2000-VIS spectroscopic ellipso-
meter (Mikro Pack). Gel permeation chromatography (GPC) was
performed at 35 °C using THF as the eluent at a flow rate of 1.0 mL
min~'. The GPC instrument was equipped with a Waters 717 plus
autosampler, a Waters 1515 HPLC pump, three 1-Styragel columns, and
a Waters 2414 refractive index (RI) detector. The columns were
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Table 1. Ellipsometric Thickness of the Fluorescent Films
Fabricated on a Glass Wafer

samples thickness & 0.5 (nm)
PyPE-1-coated glass plate surface 18.6
PyPE-2-coated glass plate surface 19.4
PPE-coated glass plate surface 19.6

calibrated using polystyrene standards. AFM measurements were con-
ducted on a SOLVER P47 PRO system.

Synthesis of Conjugated Polymers. PyPE-1. 1,4-Dihexadecy-
loxy-2,5-diiodobenzene (162 mg, 0.2 mmol), 1,6-diethynylpyrene
(50 mg, 0.2 mmol), Cul (2 mg, 11 umol), and Pd(PPh;), (12.7 mg,
11 umol) were dissolved in a mixture of 14 mL of toluene and 6 mL of
diisopropylamine. The mixture was maintained at 70 °C for 12 h, and
ammonium iodide was formed immediately; the original color of the
mixture is red. The mixture was filtered after cooling to room tempera-
ture, and the precipitate was washed with toluene and THF for several
times. However, because of the poor solubility of PyPE-1 in the ready
solvents for "H NMR and GPC, the results of "H NMR and GPC were
not obtained.

PyPE-2. 1,4-Diethynyl-2,5-dihexadecyloxybenzene (61 mg, 0.1 mmol),
1,4-dihexadecyloxy-2,5-diiodobenzene (162 mg, 0.2 mmol), 1,6-diethy-
nylpyrene (25 mg, 0.1 mmol), Cul (2 mg, 11 umol), and Pd(PPh;),
(12.7 mg, 11 umol) were dissolved in a mixture of 14 mL of toluene and
6 mL of diisopropylamine. The mixture was maintained at 70 °C for
12 h, and ammonium iodide was formed immediately. The mixture is
highly fluorescent, and the color of the emission turns from green to red
along with the progress of the reaction, a different phenomenon from
that of synthesis of PyPE-1. After cooling the mixture to room
temperature, it was dropwise added into plenty of acetone (400 mL)
under vigorous stirring, and precipitate was formed. The precipitate was
collected and washed repeatedly with acetone, hot ethanol, and n-hexane
and then dried overnight at 50 °C. M, = 1.67 x 10> by GPC (PDI = 1.4).
'H NMR (CDCl;) 6 (ppm): 8.9—8.2 (br, 8H), 7.34—6.9 (br, 4H), 3.92
(m, 8H), 1.79—0.87 (br, 124H).

PPE. Diphenylacetylene (25 mg, 0.2 mmol), 1,4-dihexadecyloxy-2,5-
diiodobenzene (162 mg, 0.2 mmol), Cul (2 mg, 11 umol), and Pd(PPh;),
(12.7 mg, 11 umol) were dissolved in a mixture of 14 mL of toluene and
6 mL of diisopropylamine. The mixture was maintained at 70 °C for 12 h,
and ammonium iodide was formed immediately. The mixture is highly
fluorescent, and the color of the emission turns from blue to green along
with the progress of the reaction. Purification of the polymer was similar to
that of PyPE-2. M, = 1.62 x 10°> by GPC (PDI = 1.63). 'H NMR
(CDCLy) 6 (ppm): 7.54 (br, 4H), 7.34 (d, 2H), 7.02—7.00 (m, 2H), 3.92
(m, 4H), 1.79 (br, 4H), 1.49 (br, 4H), 1.26 (br, 48H), 0.88 (t, 6H).

Fabrications of Conjugated Polymer-Based Fluorescent
Films. A glass plate has been specifically selected as substrate due to both its
cheapness and inertness to the fluorescence emission of the polymers.
Before further treatment, a glass plate (0.9 cm X 2.5 cm) was cleaned in a
“piranha solution” (7/3, v/v, 30% H,0,/98% HZSO4)29 (warning: piranha
solution should be handled with extreme caution since it can react violently with
organic matter) at 98 °C for 1 h, then rinsed thoroughly with plenty of water,
and finally dried at 100 °C in a dust-free oven for 1 h. The target films were
prepared by casting each of the THF solutions of PyPE-1, PyPE-2, and PPE
on a pretreated glass plate surface. The films as prepared are named as film 1,
film 2, and film 3, respectively. The synthesis of conjugated polymers, PyPE-
1, PyPE-2, and PPE, and the fabrication processes are shown in Scheme 1.

B RESULTS AND DISCUSSION

Ellipsometry and Atomic Force Microscopy (AFM) Mea-
surement. Ellipsometry is a widely used optical technique for
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Figure 1. Emission spectra (normalized) of film 1, film 2, and film 3 in
aqueous phase.

measuring the thickness of thin organic films. In this study, the
measurements of the layers were made on glass plate by assuming
a refractive index of 1.5 for the layer over the substrate surface.
Average values for the adlayers from the measurements are
summarized in Table 1. It is seen that the thicknesses of film 1,
film 2, and film 3, which was taken as a control and the polymer
on it is PPE, are 18.6, 19.4, and 19.6 nm, respectively. AFM
imaging revealed that the pyrene-containing copolymer aggre-
gated into ball-like structure rather than densely packed contin-
uous film on the substrate surface (cf. Figure S1), and
furthermore, the thickness of the film is less than 1 um, which
is definitely favorable for sensing.

Steady-State Excitation and Emission Measurements. The
excitation and emission spectra of film 1, film 2, and film 3 in
aqueous medium are shown in Figure 1 and Figure S2. Compar-
ing the profiles of the excitation spectra of the three films, it is
clearly seen that the red edges of the copolymer-based films (film
1 and film 2) are significantly red-shifted if compared to that of
the control film, film 3, a strong evidence to support that
introduction of pyrene into the conjugated polymer chain does
enhance conjugation and thereby decreases energy gap between
the excited state and ground state of the parent polymer, PPE.
Furthermore, the profiles of the three excitation spectra are also
different from each other, especially the one of film 1 which is
composed of two parts, another evidence for the existence of
pyrene unit in the copolymer chain. As expected, incorporation
of pyrene structure into the conjugated polymer makes its
emission significantly red-shifted (cf. Figure 1). It is to be noted
that the more the ratio of pyrene unit in the copolymer, the more
the shift, as demonstrated by the fact that the emission of film 1 is
more red-shifted in comparison with that of film 2. A similar
finding has also been reported by other groups.®® As a reference,
the excitation and emission spectra of film 1 in air are displayed in
Figure S3.

Stability of the Fluorescent Films. All the three films showed
good photochemical stability both in aqueous phase and in air at
room temperature as demonstrated by the fact that both the
intensities and the profiles of the emissions barely changed after
several hours scanning (cf. Figure $4). Furthermore, the films are
free of leaking even if they are kept in aqueous phase for more
than 1 week, which is a necessity for their analytical uses in
aqueous medium. However, only film 1 can be kept in THF,
toluene, and some other polar organic solvents due to its poor
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Figure 2. Fluorescence emission spectra of film 1 in the presence of

different concentrations of TNT (from top to bottom: 0, 2, 6, 10, 20, 30,
40, 50, and 60 uM) in an aqueous medium (4., = 497 nm).

solubility in them. Because of this extraordinary property, film 1
may be used in many complex mediums. From this point of view,
the sensing performance of film 1 to NACs is need to be
systematically studied.

Fluorescence Quenching Studies with NACs in Aqueous
Medium. As expected, the fluorescence emission of Film 1 is
sensitive to the presence of electron-deficient NACs, particularly
TNT. Figure 2 depicts the fluorescence emission spectra of the
film at various TNT concentrations in aqueous phase. It can be
seen that nearly 70% of the emission is quenched when TNT
reaches 60 umol/L.

The Stern—Volmer equation was used to evaluate the differ-
ences in quenching for various analytes, where I, and I are the
fluorescence intensities of the film in the absence and presence of
NACs, respectively, [Q] is the concentration of the NACs, and
K,, is the Stern—Volmer constant.’! A linear Stern—Volmer
relationship was obtained in all the cases with highest quenching
constant (K, = 3.26 x 10* M~ ") for TNT.

Io

To1- K (1)

Similarly, film 2 is also sensitive to TNT in aqueous phase, and
the corresponding K, is 3.65 X 10° M very close to that of
film 1. The Stern—Volmer plots of the three films to TNT are
presented in Figure 3. Clearly, the presence of TNT has little
effect upon the fluorescence emission of the control film, film 3,
of which the Ky, value is only 7.75 x 10* M, significantly lower
than those for the two films with pyrene-containing copolymers
as sensing materials, indicating pyrene unit has played a great role
for the sensitive sensing of TNT (cf. Figure 3). The highly
efficient quenching of TNT to the fluorescence emissions of the
copolymers can be attributed to 77— interaction between the
quencher, TNT, and the pyrene moieties in the copolymers and
the match of their electronic structures. It is known that pyrene
possesses a conjugated plane structure, which makes it easier to
bind TNT via m—o interaction. In principle, the quenching
process could be considered as photoinduced electron transfer.
The photoinduced electron (white ball shown in Figure 4) on
LUMO of donor (PPE or PyPE) transfers to its neighboring
electron acceptor (such as TNT). Then the electron on the
LUMO of an acceptor should recombine with the donor’s
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Figure 3. Stern—Volmer plots: B (film 1), A (film 2), and @ (film 3)
for TNT at different concentrations.

HOMO electron via a nonradiative process. Obviously, the
quenching efficiency is directly proportional to the rate of the
electron transfer. In the semiclassical limit of Marcus theory, the
transfer rate is expressed as>>

K = A exp(—AG"/kT)

2w —(AG® +A)*
kT Vi e T @)

where AG® means the standard Gibbs free energy difference of
the electron transfer reaction, V'is the electron coupling between
the initial state (D*A) and final state (DTA™), and A is the
reorganization energy which includes two contributions: (i) the
internal part A; related to the geometry changes of the D and
the A and (ii) the external part A, related to the polarizations of
the surrounding medium. Under the one-electron approxima-
tion, the AG® can be estimated by the energy gap between the
LUMO of the A and that of the D, which can be readily calculated
by using a quantum-chemical calculation method. And electron
coupling (V) can be considered as direct LUMOs coupling
between the D and the A, which is strongly dependent upon
the distance between them and also on the relative orientation of
them. Form eq 2, we can readily note that electron-transfer rate
reaches maximum when —AG’ is equal to A. When [AG’| < 4,
the so-called normal region, the more negative the driving force,
the faster the electron transfer rate. When |AG0| > A, the inverted
region, the more negative the driving force, the slower the elec-
tron transfer rate.

The quantum-chemical methods at the B3LYP/6-31G(d)**
level of theory using Gaussian 09°* were employed for the
calculation of the HOMO and LUMO energies for optimized
geometries of the donors, including pyrene, PPE, and PyPE, and
the acceptors, including TNT, DNT, and NB (Figure SS). The
band gap energies are illustrated in Figure 5. It is clearly seen that
introduction of pyrene structure into PPE chain lowers its
frontier’s band gap. It can be also noted that the LUMO energies
of PPE (—2.42 V) and PyPE (—2.44 eV) are very close, which
means that the driving forces (AG®) of the conjugated polymer
(PPE) and its modified form (PyPE) to same analyte must be
similar. Following Cornil’s calculation procedure,® the internal
reorganization energy (4;) was also calculated. For the systems of
OPE2 + TNT and Py + TNT, the 4; values of them are 0.230
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Figure S. Frontier orbital energy correlation diagram for pyrene, PPE,
and PyPE and some explosive analytes. Bottom lines represent the
HOMO energies, and top lines represent the LUMO energies (a). The
calculated molecular structures and lowest unoccupied molecular orbital
(LUMO) of pyrene, PPE3, PyPE3, and TNT (b).

and 0.226 eV, respectively. The values are very close to the value
for the system of perylenebismide and phthalocyanine, which is
an idea ;t—m stacking-based D—A system. Therefore, it was
anticipated that the systems of PPE—TNT and PyPE—TNT
should possess similar internal reorganization energies. But for
external part, it should not be neglected because solvation is a key
factor to affect the LUMO energies of the compounds particu-
larly when the compounds are in their excited states. Therefore,
the polarization of solvent was calculated by employing the
generalized Born method, which can be expressed as

1 1 1 + 1 1 3)
Eopt & | R Ry R

where €, and & are the optical and static dielectric constants of
the solvent, respectively. R and R, stand for the molecular radii

of D and A, respectively, which are related to the sizes of the
molecules. R is the center-to-center distance between D and A.
For our PPE and PyPE coupled with TNT systems, D is a
conjugated polymer with a large size which means electron
transfer should not produce significant polarization. Thus, the
external contribution is mainly from the solvent polarization
around the analyte, TNT molecules. For these reasons, the total
reorganization energies for PPE and PyPE coupled with same
explosive molecules should be very close to each other. In short,
from the analysis of driving forces (AG®) and reorganization
energies for PPE and PyPE coupled with TNT, a conclusion that
the exponential terms of the two systems in eq 2 must be very
similar may be drawn. Thus, the higher sensitivity of PyPE to
TNT than PPE to TNT can be attributed to the electron
coupling V term. It is well-known that the electron coupling
term is strongly dependent on the strength of D—A interaction,
which means the close contact of the D and the A molecules is a
necessity for the effective interaction of the two kinds of
molecules. Accordingly, in thin films the A, that is the explosive,
molecules must diffuse into the 77-conjugated polymer layer and
form effective T — stacking-based D—A aggregates, and only in
this way the electron coupling term becomes significant. Intro-
ducing pyrene structure into PPE definitely increases the dis-
order of the polymer layer and thereby favors the diffusion of the
acceptor molecules within the layer and formation of the D—A
aggregates. This may explains why PyPE-based film is more
sensitive to the presence of TNT than its parent polymer, PPE.

Interestingly, the film shows not only great sensitivity but also
high selectivity to TNT in aqueous phase. Figure 6 shows the
Stern—Volmer plots of film 1 for each of the NACs tested. The
Stern—Volmer quenching constants of the film to DNT, NB, and
PA are 3.62 x 10°,1.34 x 10%,and 0.45 x 10°M "}, respectively,
which is at least 1 order of magnitude lower than that for TNT, a
clear signature to show that the film is highly selective to TNT
rather than to other NACs.*® This result may be rationalized by
considering the differences of the reduction potentials of the
NAC:s. It is known that the reduction potentials of TNT, DNT,
and NB in aqueous phase are —0.7, —0.9, and —1.15 V (versus
normal hydrogen electrode (NHE)), respectively.'” Matching of
the LUMO energy of TNT to the excited polymer might be the
reason explaining the superior quenching process. As for PA, it is
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Figure 6. Stern—Volmer plots of NACs and common interferents to the fluorescence emission of film 1 at different concentrations. The inset shows the
Stern—Volmer plots of NACs to the fluorescence emission of film 3 at different concentrations.

well-known that PA behaves as a relatively strong acid because of
the three nitro groups affixed on the benzene ring, which makes it
hydrophilic.%" Accordingly, the compatibility of the hydropho-
bic film (film 1) to PA should be poor, resulting in lower
quenching efficiency. But a control experiment with film 3, of
which PPE was used as a sensing polymer, demonstrated a similar
sensitivity order to the analytes, but much lower selectivity to
TNT (inset of Figure 6). In other words, introduction of pyrene
mioety into PPE chain increased not only the sensitivity but also
the selectivity of the PPE-based film to TNT. The high sensitivity
and selectivity of film 1 to TNT can be described by the cartoon
as shown in Figure 4.

Interference from Commonly Found Chemicals. Selectivity
is a crucial criterion for the practical uses of a sensing film, and
thereby it is of interest to study the response of the film to
commonly found chemicals that may affect the detection of TNT
in aqueous phase. The results are also shown in Figure 6. With
reference to the figure, it is seen that the fluorescence emission of
film 1 is rarely affected by the presence of each of the commonly
found chemicals as tested. However, with a close inspection of the
figure, it can be found that DNT and NaOH show positive, but
limited, interference to TNT sensing. In contrast, THF, toluene,
and benzene demonstrate negative, also limited, interference to
the test. It is interesting to note that other chemicals including
inorganic salts, seawater, PA, NB, acid, and alkali, etc., show little
effect upon the test. The slight sensitization of toluene, THF, and
benzene to the fluorescence emission of the film may be attributed
to the so-called swelling-induced emission enhancement (SIEE)
effect, which was proposed by Kwak and co-workers in the studies
of the response of substituted polyacetylene film to organic
solvents.>” No interference from seawater implies that the film
may be potentially usable for TNT detection in seawater.

Detection of TNT in Seawater. Figure 7 depicts the compar-
ison of the quenching efficiencies of TNT to the fluorescence
emission of film 1 in pure water and in seawater. It is clearly seen,
as expected, that the two Stern—Volmer plots are nearly over-
lapped. In other words, this film may be a good candidate for
developing into a TNT sensor for its detection in seawater.
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Figure 7. Stern—Volmer plots of film 1 against the concentrations of
TNT in pure water (M) and in seawater (®).

Quenching Mechanism of the Sensing Process. It is well-
known that fluorescence quenching can be divided into static
quenching and dynamic quenching. The natures of the two quench-
ing processes are very different. For static quenching, formation of a
nonfluorescent fluorophore—quencher complex is the origin of the
quenching. For dynamic quenching, however, collision of the
molecules of a quencher to the excited molecules of the fluorophore
under study is a necessity, and thereby dynamic quenching is a
diffusion-controlled process. Clearly, static quenching does not affect
the fluorescence lifetime of the fluorophore under study. In contrast,
dynamic quenching must reduce the lifetime. Therefore, comparison
of the dependence of fluorescence intensity to the concentration of a
quencher with the dependence of fluorescence lifetime to the
concentration can reveal the quenching nature. On the basis of these
considerations, both fluorescence intensity and fluorescence lifetime
were measured as functions of TNT concentration. The results are
shown in Figure 8. It is obvious that the fluorescence lifetime of the
film is almost invariable along with the increase of the TNT

concentration, indicating that the quenching is static in nature, in
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Figure 8. Plots of the ratios of Iy/I and 7,/7 of film 1 against the
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Figure 9. Reversibility of the response of film 1 to TNT.

support of the assumption that the conjugated copolymer possesses
specific affinity to TNT and forms a nonfluorescent complex with the
quencher, TNT. Another necessity for a usable sensing film is its
reversibility. In other words, the film can be usable in real-life
applications only when the sensing process is reversible. Accordingly,
the reversibility of the sensing process was also examined.
Reversibility of the Quenching Process. The procedures
adopted for the examination of the reversibility of the sensing process
are as follows: first, the film was inserted into a cell with 2.5 mL of
distilled water, and the fluorescence emission of the film was recorded.
Second, 30 uL of TNT solution (0.0025 mol/L) was added, and after
10 min equilibration the fluorescence emission of the film was
recorded again. Third, after the measurement, the film was taken
out of the cell, immersed in ethanol for 30 min, and then washed with
distilled water for several times. The film was reused after the
treatment, and the whole process was repeated for several times.
The results are shown in Figure 9. Reference to the figure, it is clear
that the response of film 1 to TNT is fully reversible. Furthermore, the
film is stable for 6 months at least provided it is properly preserved.

Bl CONCLUSION

Pyrene as a commonly found superior low-molecular-mass
fluorophore was purposely and successfully introduced into a

simple but typical conjugated polymer, PPE, and two pyrene-
containing conjugated copolymers, PyPE-1 and PyPE-2, which
possess different compositions, were synthesized. The two
copolymers and a control polymer, PPE, were casted respectively
onto glass plate surfaces to fabricate fluorescent films (film 1, film
2, and film 3). Fluorescence studies revealed that film 1 and film 2
are very sensitive to the presence of TNT in aqueous medium.
Commonly found interferents including DNT, NB, and PA show
little interference to the fluorescence emission of the films. The
great quenching effect of TNT to the emission of the copolymers
have been attributed to the selective binding of the copolymers to
the quencher via specific 77— interaction and the match of the
LUMO of the copolymers to that of the quencher. Further
experiments demonstrated the reversibility and the static nature
of the sensing process. Interestingly, film 1 can be used for TNT
sensing in seawater or groundwater, indicating that the film may
find real-life applications.
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