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Abstract A functionalized fluorescent conjugated polymer,
tolylterpyridine poly(p-phenyleneethynylene-thienylenee-
thynylene (ttp-PPETE), was designed and synthesized to
detect trace amounts of toxic transition metal pollutants in
ground water. Photophysical studies in tetrahydrofuran
(THF) successfully demonstrated this polymer as a selec-
tive and sensitive chemosensor for Ni2+ and Co2+ in
aqueous solution. Solid state composites of these chemo-
sensors have now been prepared which can be modified to
provide for inexpensive and portable field based chemical
detection. A solid composite of ttp-PPETE, blended with
poly (methyl methacrylate) shows UV–vis absorption and
fluorescence emission spectra which are red- shifted when
compared to solution phase spectra, suggesting an increase
in conjugation in the solid state. An additional absorption
peak, not present in solution, is also observed in the solid
state. The presence of this new peak provides evidence of
interacting FCP chains in the solid state. Concentration
dependent experiments were done on the solid composite
showing red-shifted emission peaks accompanied by a
significant reduction in the fluorescent quantum yield.
These observations are consistent with the formation of
aggregated polymer species in the solid state. Intermolec-
ular interactions of this type can be manipulated in the
design of sensitive and selective solid state fluorescent
conjugated polymer sensors.
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Introduction

The use of fluorescent conjugated polymers (FCPs) as
effective chemical sensors (chemosensors) for toxic transi-
tion metal contaminants has significantly grown in recent
years. The interest in FCPs as sensors, stem from the ease
with which their fluorescence can be detected and measured
[1]. They have also been reported to have extremely high
sensitivity (ppb) for analytes in solution. Their enhanced
sensitivity was first reported by Swager and coworkers
when a cyclophane receptor-based FCP chemosensor,
sensitive to paraquat (PQ2+), demonstrated increased
sensitivity of up to 65 fold as compared to their small
molecule counterpart [2, 3]. The enhanced sensitivity of
these systems has been attributed to the molecular wire
effect which involves the delocalization of photo-induced
excitons over long distances within the conjugated polymer
backbone, to low energy trap sites [4, 5].

Numerous studies have explored a wide variety of
receptor/analyte pairs having varying degrees of selectivity,
sensitivity and response. Our research group has designed,
synthesized and characterized a poly (p-phenyleneethyny-
lene-thienyleneethynylene (PPETE) fluorescent conjugated
polymer, loaded with a pendant tolylterpyridine (ttp)
receptor which is highly sensitive to minute concentrations
of Ni2+ and Co2+ cations [3, 6]. Photophysical studies of
this ttp-PPETE FCP chemosensor, 2 were conducted in
tetrahydrofuran (THF) solution and resulted in the devel-
opment of an energy transfer based quenching model to
describe the enhanced sensitivity observed [3, 7].

Application of the FCP chemosensor strategy in modern
devices requires transformation from solution phase prep-
aration to the solid state. In order to address the need for
more portable field based chemical sensing devices re-
quired for environmental monitoring, solid state studies are
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particularly important [8, 9]. Several research groups have
developed and studied varying types of solid state sensing
devices fabricated when the FCP’s is either spin-coated,
dip-coated or electrospun as a solid thin film [10–12]. In
most cases the resulting thin films are used as gas sensors
for small molecules such as O2, CO, TNT etc. While there
are overwhelming examples in the literature of thin films
and nano-structured materials being used as chemical
sensors [13–16], there are very few examples fluorescent
polymers and blends consisting of FCPs and other host
matrices.

Herein we report the preparation of binary polymer
composites of a non-functionalized FCP, model PPETE, 1
and its related functionalized FCP chemosensor 2 (Fig. 1),
each blended with poly(methylmethacrylate), PMMA, an
inert host polymer. The result is a free standing polymer
blend of solid materials that are easily analyzed, with the
potential of being incorporated into hand held devices. We
also report the photophysical studies conducted on these
solid composites and show that their photophysical prop-
erties are a direct consequence of intermolecular interac-
tions among polymer chains.

Experimental

Polymer Synthesis Polymer 1 was synthesized using a
palladium-catalyzed cross-coupling reaction of monomers
1,4-diethynyl-2,5-didodecyloxybenzene and 2,5-dibromo-
3-dodecylthiophene (yield 88%) as shown in Scheme 1.
1,4-diethynyl-2,5-didodecyloxybenzene was synthesized as
described in literature [17], while 2,5-dibromo-3-dodecylth-
iophene was purchased from Sigma Aldrich. Polymer 2 was
synthesized under similar reaction conditions with mono-

mers 1,4-diethynyl-2,5-didodecyloxybenzene and 4′-{4-[2-
(2,5-Dibromothiophen-3-yl)-vinyl]phenyl}-2,2′:6′,2″-ter-
pyridine (Scheme 2) which is synthesized according to
literature [7, 18].

Materials All materials were purchased from Aldrich and
used as received unless otherwise noted. Tetrahydrofuran
(THF), dimethylformamide (DMF), chloroform (CHCl3)
and de-ionized water were used as solvents.

Composite Preparation Fluorescent conjugated polymer
blends of 1 and 2 were prepared using the following
procedure. Approximately 2.5 g PMMA (Mw 996,000 g
mol–1) was dissolved in 10 mL THF and then ~2 mg FCP
was separately dissolved in 5 mL THF. The two solutions
were subsequently combined and stirred overnight. The
highly colored, viscous mixture was poured into a glass
Petri dish to dry at ambient temperature for at least 24 h
before use (Fig. 2). The thickness of the solid composite
was approximately 0.7 mm and the concentration of the
fluorescent conjugated polymer in the blend was 0.0799
wt.%.

Instrumentation 1H and 13C NMR for polymers 1 and 2
were recorded on a Bruker AM-360 spectrometer. UV–vis
absorbance experiments were performed on a Hewlett-
Packard HP 5382A diode array UV-visible spectrophotom-
eter and accompanying software. Fluorescence emission
spectra were taken on a Fluorat® -02-Panorama instrument
of wavelength range 210 to 840 nm. Fluorescence decay
kinetics was determined by time-correlated single photon
counting (TCSPC) using a diode laser described elsewhere
in literature [3]. The fluorescence decay data were analyzed
by non-linear least-squares fits of individual traces with the
program OriginPro 7.5. The fluorescence quantum yield for
the composite blends were determined relative to 0.01 mol
% 9,10-diphenylanthracene in PMMA having a fluores-
cence quantum yield of 83%.

Results and Discussion

The polymer chemosensors, 1 and 2, are both soluble in
THF solution. This provides a basis for the preparation of
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Fig. 1 Structures of Model PPETE (Polymer 1) and ttp-PPETE
(Polymer 2)

Scheme 1 Synthesis of model
polymer PPETE (1)

584 J Fluoresc (2012) 22:583–589



thin polymer films by evaporation. In the experiments
described here, polymer composites were prepared at room
temperature by dissolving the chemsensor or model
polymer in THF and mixing that with a solution of PMMA.
The mixed solutions were clear and could be spin coated or
dip coated onto substrates to form free standing thin films
suitable for photophysical studies and evaluation of chemo-
sensor behavior.

Photophysics in Solid State: Absorption and Emission The
UV–vis absorption properties of polymers 1 and 2 in
solution and as composites in the solid state are shown in
Figs. 3 and 4 and then summarized in Table 1 below. From
the absorption spectra, two primary absorption peaks were
observed for 1 and 2 in the solution phase. The lower
energy peaks at 442 nm and 460 nm in 1 and 2 respectively
has previously been assigned to π-π* transitions in the
conjugated polymer backbone [3, 6]. The higher energy
peak at ~330 nm can be assigned to an n-π* transition
centered on the pendant terpyridyl ligand. The low energy
peak of chemosensor polymer 2 is red shifted relative to
that of the model FCP polymer 1 consistent with the
extended conjugation of the terpyridyl receptor.

In the solid state composites, Fig. 3b, the absorption
peaks were found to be broadened. This has been observed
previously in other solid state conjugated polymer systems
[19, 20]. While the low energy peak of 2 in the solid matrix
is red shifted to that of polymer 1, we found that the π-π*
transition of both composites are red shifted relative to
those in solution [21, 22]. A red shifted absorbance peak is
consistent with extended conjugation for the FCPs in the

solid state relative to solution, and possibly a result of
increased inter-polymer interactions. A new absorbance
band also appeared to the red of the main π-π* absorbance
band at approximately 510 nm in both solid composites.
This feature is more distinct for model polymer 1, than the
chemosensor, but is clearly present in both cases. The
presence of this new band suggests possible aggregate
formation may be occurring even at these low concen-
trations in the solid state blend [22, 23].

The fluorescence emission spectrum for each FCP was
obtained in solution following excitation at their respective
excitation maximum and is shown in Fig. 4. The emission
band of the chemosensor polymer 2 is 22 nm red-shifted
relative to that of the model FCP 1 in THF solution at room
temperature. The emission profiles are similar to each other
with one primary emission band in the visible region and a

Scheme 2 Synthesis of chemo-
sensor polymer ttp-PPETE (2)

Fig. 2 Solid state composite of polymer 1 (left) and polymer 2 (right)
in PMMA

Fig. 3 Normalized absorption curve of a polymers 1 and 2 in THF
solution, b polymers 1 and 2 in PMMA matrix (solid state)
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weaker shoulder at longer wavelengths. The FCP in PMMA
matrix showed a red shifted emission compared to those in
solution. For solid composite 2, the emission maximum
occurred at 566 nm while composite 1 showed a different
emission profile, having emission maxima at 556 nm and
522 nm as shown in Fig. 4b. The source of this higher
energy peak is most likely due to vibrational fine structure
resulting from the restricted environment of the polymer
composite. Alternatively, it could be due to some hetero-
geneity in the composite as discussed further below.

Emission Lifetime Emission lifetimes were evaluated by
single-photon counting following excitation at 520 nm. The
lifetime data for both solid composites and solution phase
systems are shown in Table 1. The fluorescence decays of
the FCPs are all best fit by a single exponential, first order
decay model. Single exponential decay indicates there is

only one fluorescent component present in each sample
which would tend to rule out heterogeneity as the source of
the additional emission bands in Fig. 3 above. It was
observed that the fluorescent polymer composites have
shorter decay times than those observed for the FCP’s in
solution. The fluorescence lifetime of the FCP chemosensor
2 is 473 ps in solution compared to 109 ps in the PMMA
matrix. Similarly, the model FCP lifetime decreased from
565 ps in solution to 141 ns in the solid state. In both media
the emission lifetime of the FCP sensor 2 is less than that of
the model polymer 1, an observation consistent with a
smaller energy gap. These results were not consistent with
previous studies of polymer photophysics in the solid state
that demonstrate increased fluorescence lifetimes as a result
of decreased non-radiative decay rates in restricted media.
The observed decrease in emission lifetime would be
consistent with self-quenching of the FCP’s leading to a
new non-radiative decay process. This result would be
additional support for aggregation occurring in these
systems even at dilute concentrations.

Intermolecular Interaction in the Solid State To determine
if solvent choice affects the photophysics of our polymer in
the solid state, composites were prepared as described in
the “Experimental” section using THF and CHCl3, solvents
in which polymers 1 and 2 were also soluble. The results
show that the emission intensity of composites cast from
THF is higher than that of composites prepared from
chloroform, of similar concentration. This observation is
supported by several studies conducted by Schwartz and
coworkers showing strong evidence that processing con-
ditions such as solvent choice, polymer concentration and
film thickness, can greatly affect the photophysics of the
FCP incorporated in solid state films and composites [22,
24, 25]. These studies have shown that solvents such as
chlorobenzene (CB) and tetrahydrofuran (THF) can affect
both the configuration and degree of aggregation of the
polymer strands of FCPs when cast as thin films or
composites (Fig. 5).

The emission peaks for the composite prepared in THF
were also blue shifted relative to those prepared from
chloroform. Blue shifted emission peaks are consistent with
reduced aggregation and self-quenching. Previous work by
Carrie et. al. show that a co-solvent system of chloroform

Fig. 4 Normalized emission curve of composites of c polymers 1 and
2 in THF solution, d polymers 1 and 2 in PMMA matrix (solid state)

Table 1 Summary of absorp-
tion, fluorescence emission
and lifetime data

Polymer Absorbance,
1max (nm)

Fluorescence,
1max (nm)

Lifetime, τ/ps (%) (R2)

Model PPETE (1) in solution 334, 442 488, 514(sh) 565±10 (100) (0.9968)

Model PPETE (1) in PMMA matrix 334, 450 522, 556 141±4 (100)(0.9981)

ttp-PPETE (2) in solution 334, 460 510, 550(sh) 473±6 (100) (0.9981)

ttp-PPETE (2) in PMMA matrix 334, 518 566 109±9 (100)(0.9692)
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and methanol resulted in aggregate-based self-quenching in
their FCP system. This would be consistent with our
observation that chloroform resulted in aggregation in our
system [26]. It is generally believed that a “good solvent”
such as THF tends to limit aggregation of polymer strands
which would explain why the fluorescence quantum yield
is greater in THF (0.011) than in CHCl3 (0.002) [24].

Emission Excitation Experiment An excitation experiment
was used to determine the excited state responsible for the
emission peak observed. Polymer composites (0.1 wt.%) of
1 and 2 were excited at 560 nm, 600 nm, and 640 nm.
These wavelengths were selected from three points along
the tail of the emission spectrum, an area from which
aggregate species are said to emit [24]. The absorption
wavelength range was monitored to see which transitions
were responsible for the observed emission. The excitation
spectra for the polymer 1 composite, shown in Fig. 4a, have
peaks at 380 nm and 426 nm with a slight shoulder at
~450 nm. Three major peaks at 426 nm, 466 nm and
528 nm were observed for the polymer 2 composite. It
should be noted that three absorbance peaks were also
observed for these composites which is not surprising as it
is typical to observe identical excitation and absorbance
spectra. By exciting the solid composites at the selected
wavelengths, we were able to reproduce the new aggregated
band, highlighted by the asterisk in Fig. 6a and b, which are
also present in the absorption of solid composite 1 and 2
(shown in Fig. 3b). These results are consistent with the idea
that aggregates originate in the ground state and can be
directly excited.

Concentration Dependence of Emission Concentration de-
pendent experiment was performed to further highlight
aggregation within the solid matrices. This was done by
varying the concentration of polymer 2 in the PMMA host
material. The fluorescence emission data was collected at
470 nm and the normalized spectra is shown in Fig. 7. The
fluorescence spectra show red shifted peaks with increased

polymer 2 concentration, which is consistent with an increase
in conjugation length of polymer 2 in the solid matrix. The
red shift is also consistent with the presence of aggregated
polymer strands [27]. We also took into consideration that the
red shift may have been due to re-absorption of the
fluorescence emission since this is commonly observed in
concentrated systems. Evidence of re-absorption usually
comes in the form of relatively small Stoke’s shifts,
narrowing of the emission band as well as significant changes
in the fluorescent lifetime of the fluorophore [28]. Further
analysis of our data showed the opposite effect in all three
cases. As we increased the concentration of the fluorophore

Fig. 6 Excitation spectra of 0.1 wt.% concentration of polymer 1 and
polymer 2 in PMMA matrix

Fig. 5 Polymer 2 composite (0.1 wt.%) in THF and CHCl3

Fig. 7 Normalized fluorescence emission curves of variable concen-
trations of polymer 2 in PMMA matrix
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in the PMMA composite we observed large Stoke’s shift of
up to 90 nm. The band-width of the emission bands remained
relatively the same, and there was no significant change in the
fluorescent lifetime.

The dependence of fluorescence quantum yield (Ф) on
concentrations of 2 was similarly investigated. All the data
collected in this investigation, showed a decrease in emission
intensity with increased polymer 2 concentration. This
indicates that concentration (self) quenching has occurred
in the solid state composite. Concentration quenching which
occurs in concentrated systems, as opposed to dilute ones,
was supported by a decreased quantum yield with increased
polymer 2 concentration within the matrix as shown in
Fig. 8. We attribute the decreased fluorescence quantum
yield to the formation of aggregates [29, 30] which increase
the pathways the absorbed photon has to travel, within the
solid matrix, before emission.

Emission Quenching in PMMA The sensitivity of our solid
state sensor system to nickel was examined using polymer
2 composite. Fluorescence quenching studies show a 20%
reduction in the initial fluorescence of the fluorophore upon
exposure to increasing concentrations of nickel ion, as
shown in Fig. 9. The solid state chemosensor is not as
sensitive to the ionic quencher as it is in solution [3], an
observation supported by the vast majority of recent reports
on the sensitivity of solid state FCP chemosensors [5, 9].
One proposed reason for the decreased sensitivity in the
solid state is the restrictedmobility of analyte and/or excitation
energy throughout the solid state sensor. Decreased sensitivity
has also been linked to the presence of interchain species
formed when polymer chains interact at the molecular level in
solid state systems [31, 32].

From these results, we conclude that the 7% quenching
observed is possibly due to the binding of Ni2+ ions by
surface receptors only. Thus the quencher may not have full
access to the terpyridyl receptors due to the hydrophobicity
of the PMMA which makes it difficult for the Ni2+ ions to

diffuse throughout the matrix. Therefore we designed a new
quenching experiment to investigate whether receptors of
the sensor are indeed embedded within the PMMA matrix.
In this experiment, composites of polymer 1 in PMMA
were prepared. Various concentrations of nickel ions were
incorporated within each composite. The emission quench-
ing results are shown in Fig. 10.

According to these results, up to 83% quenching is possible
in solid composite material prepared in this way. The
fluorescence intensity of the chemosensor was not completely
quenched as indicated by the 17% residual fluorescence, a
possible consequence of a portion of the sensor being
inaccessible to quenchers. This result supports our hypothesis
that the majority of receptor sites are embedded within the
composite, with just a few found on the surface.

We also observed that the emission of the last two
spectra of Fig. 10 was significantly blue shifted relative to
the others. This is as a result of the three orders of
magnitude increase in concentration of the Ni2+ ions in
those two solid composites. We speculate the blue shift
could be a consequence of an over-saturation of the
receptors of the chemosensor by the Ni2+ ions, which
resulted in conformational changes that decreased the
conjugation length of the FCP in the solid system.

Fig. 10 Emission quenching of polymer 2 when variable [Ni2+] is
incorporated in the PMMA composite

Fig. 9 Fluorescence quenching of polymer 2 in PMMA at 470 nm
excitation

Fig. 8 Fluorescence quantum yield dependence curve of variable
concentrations of polymer 2 in PMMA matrix
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We also determined from this study that the solid state
chemosensor is sensitive to 16 nM concentration of nickel,
indicating that if the receptors were available to the analyte our
solid sensor would be able to detect concentrations of nickel
less than that allowable in ground water according to current
EPA standards. In the future our goal is to focus on increasing
the sensitivity of our solid state sensor by improving the
mobility of analyte within the sensor system and decreasing
inter-polymer interaction for a more efficient chemosensor.

Conclusion We have successfully fabricated a solid state
sensor from our FCP and PMMA, to address the increasing
need for field-based, solid state sensing devices. In
transitioning from solution to the solid state we observed
that the optical properties of the fluorescent conjugated
PPETEs in the solid state differ from those in solution. The
photophysical properties of the solid composites with
PMMA depend both on the choice of solvent and the
polymer concentration. Intermolecular interaction among
polymer strands was clearly evident in the solid state
resulting in red-shifted absorbance and fluorescence emis-
sion peaks, as well as reduced quantum yields and
lifetimes. The decreased sensitivity observed has compro-
mised the efficiency of our solid state sensor, a condition
which must be remedied for improved sensor performance.
Future work is therefore geared towards minimizing inter-
polymer interactions providing for a more sensitive and
efficient solid state chemosensor.
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