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ABSTRACT: The evolution of conjugated polyelectrolytes
(CPEs) that transduce analyte−receptor interactions into detect-
able fluorescent responses in complex aqueous environments is
predicated on advancements in molecular design and improved
synthetic accessibility. Here, we demonstrate a simple post-
polymerization modification protocol, based on thiol−ene click
chemistry, that results in the rapid installation of sodium sulfate
terminated side-chains to a poly(fluorene-co-ethynyl) scaffold. The
fluorescence of the resulting water-soluble CPE is quenched by
Fe3+, dequenched selectively by pyrophosphate (PPi), and
accurately quantifies PPi within ±6 nM in artificial seawater. The
broad utility of thiol−ene click chemistry should offer the
straightforward integration of diverse sensing elements.

KEYWORDS: conjugated polyelectrolyte, click reaction, post-polymerization modification, chemical sensing,
inorganic phosphate detection, water quality monitoring

P hosphorus oxyanion detection in complex aqueous
environments remains a significant technological chal-

lenge requiring the development of straightforward, sensitive,
and selective sensing approaches.1 Pyrophosphate (PPi;
P2O7

4−), for example, is ubiquitous in biological systems
with roles in cellular energy transduction, biomacromolecule
synthesis, extracellular signal mediation, etc.2−4 The use of PPi
as a critical nutrient for enhancing crop yields results in
nutrient rich agricultural runoff, which leads to the
eutrophication of aquatic ecosystems, growth of algal blooms
related to hypoxia and “dead zones”, and deposition of toxins
in municipal water supplies, thereby negatively impacting
human health and the economy.5,6 There remains a critical
need for simple, robust phosphate sensors that reduce the high
cost and complexity of collecting data and that better capture
intricacies associated with how phosphates exist in biological
processes and within ecosystems.
For these reasons, new chemistries for detecting and

quantifying phosphates have been at the forefront of research
efforts. Small-molecule optical assays predicated on indicator
displacement,1,7 photoinduced electron transfer,4,8 and mono-
mer−excimer formation9,10 have been used for PPi detection
but are generally limited by ratiometric quenching, narrow
selectivity, multistep synthetic approaches, and micromolar
sensitivity. Additionally, several supramolecular hosts for
phosphorus oxyanions have been developed, but selective
binding in water remains a challenge due to competitive
solvation.11,12 These failings have made the transduction of

small-molecule binding events into signals with the required
sensitivity for biological, physical, and environmental applica-
tions a challenge.
Fluorescent conjugated polymers (CPs) and conjugated

polyelectrolytes (CPEs) can simultaneously function as
molecular recognition and signal transduction elements for
anion detection and display unique signal amplification when
compared with small molecules, leading to improvements in
sensitivity by orders of magnitude.13,14 Unlike small-molecule
systems, CPs transduce signals through exciton migration and
are relatively immune to electrostatic and dielectric variations,
allowing their successful implementation for sensing applica-
tions within complex aqueous environments.14 Binding events
along the polymer capture the diffusing exciton resulting in the
collective response of each repeat unit within the exciton
diffusion length.15 The exciton diffusion process and correlated
optical response are closely related to the electronic and
structural conformation of the polymer backbone, which can
be synthetically tuned to incorporate molecular design features
that enhance intra- and intermolecular exciton delocalization,
leading to stronger amplified signals and detectivity at
nanomolar concentrations.16,17

Received: November 2, 2018
Accepted: February 1, 2019
Published: February 1, 2019

Letter

pubs.acs.org/acsapmCite This: ACS Appl. Polym. Mater. 2019, 1, 309−314

© 2019 American Chemical Society 309 DOI: 10.1021/acsapm.8b00064
ACS Appl. Polym. Mater. 2019, 1, 309−314

D
o
w

n
lo

ad
ed

 v
ia

 U
N

IV
 O

F
 S

O
U

T
H

E
R

N
 M

IS
S

IS
S

IP
P

I 
o
n
 A

p
ri

l 
3
0
, 
2
0
1
9
 a

t 
1
7
:3

8
:0

7
 (

U
T

C
).

 
S

ee
 h

tt
p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.
 



This hallmark signal amplification, coupled with the ability
to tailor the optical response to various analytes with a diverse
set of compatible receptor chemistries, has enabled the
development of selective and sensitive CP-based sensors.18

CPE-based chemosensors have been reported for the selective
detection of PPi in aqueous media, such as an on−off−on
fluorescent assay based on a sulfonate functionalized poly-
(fluorene-co-phenylene) copolymer.19,20 This assay incorpo-
rates the strong selectivity of molecular recognition elements,
high sensitivity from CP signal amplification, and low signal-to-
noise ratio characteristic of a “turn-on” output process. Many
applications, however, require additional orders of magnitude
improvements in sensitivity, more elaborate control over
chemical structure, and the eventual integration of more
complex recognition elements.
Arduous multistep synthetic procedures, scalability, and a

detailed understanding of structure−function−property rela-
tionships remain a limiting factor in the development of CPE-
based materials and sensors.13,21 This motivated our
investigation of molecular design strategies that afford facile
and rapid access to diverse CPEs applied in the context of
current sensing platforms.22−24 Our molecular design begins
with poly[2,7-(9,9-di(pent-4-en-1-yl)fluorene)-alt-ethynyl]
(P1), which incorporates pendant pentene substituents at
the fluorene bridgehead that provide sufficient solubility of the
polymer in organic solvents and allow subsequent functional-
ization using thiol−ene click chemistry.25,26 Integration of the
ethynyl structural units into poly[2,7-(9,9-di(pentyl-5-(3-
sulfopropyl)thio)fluorene)-alt-ethynyl] (P2) was hypothesized
to improve assay sensitivity through enhanced backbone
rigidity and planarity, which leads to extension of the exciton
diffusion length and increases in the intrinsic tendency of the
CPE to aggregate in water.27

The synthesis of P2 was achieved through a microwave-
mediated polymerization and subsequent thiol−ene click
chemistry post-polymerization modification approach (Figure

1, top). A Stille cross-coupling copolymerization of bis-
(trimethylstannyl)acetylene with 2,7-dibromo-9,9-di(pent-4-
en-1-yl)fluorene (1) was carried out via a microwave-assisted
reaction using Pd(PPh3)4 (5 mol %) as the catalyst in xylenes/
DMF (15:1) at 125 °C.28 This approach resulted in the rapid
formation of P1 in a reaction time of 10 min and yield >70%
after purification by Soxhlet extraction. Gel permeation
chromatography (GPC) at 160 °C in 1,2,4-trichlorobenzene
showed a number-average molecular weight,Mn = 6.4 kDa, and
dispersity, Đ = 2.3. P1, commercially available 3-mercapto-1-
propanesulfonic acid sodium salt (∼7.5 equiv), and Irgacure
819 (2 wt %) were suspended in a solvent combination of
tetrahydrofuran/methanol/water in a 5:2:2 ratio and subjected
to UV irradiation (Rayonet RPR-100, 254 nm, 2.85 mW/cm2)
for 2 h. The polymer was purified by removal of the solvent,
precipitation in acetone, and dialysis against water to afford P2
in 92% yield. The Fourier-transform infrared (FTIR) spectrum
of P1 and P2 are shown in Figure 1. P1 has peaks at 909, 993,
and 1471 cm−1, corresponding to out-of-plane bending and in-
plane scissoring modes of the terminal =C−H groups.
Following the thiol−ene click post-polymerization modifica-
tion these peaks disappear, and new peaks arise at 1173 and
1046 cm−1, characteristic of the S=O stretching vibrations of
sulfonate salts. While alkyne stretching modes typically appear
between 2100 and 2200 cm−1, there are no peaks present in
this region due to the weak vibrational dipole moment of
internal alkynes. The complete conversion of terminal olefins
by thiol−ene chemistry was also observed via nuclear magnetic
resonance (NMR) spectroscopy through the disappearance of
peaks between 4.8−5.8 ppm (Figures S1 and S2). This
approach afforded the desired CPE in less than a day,
circumvented the use of harsh reagents such as sulfuric acid
previously used to install sulfonate functionalities, and
precluded other arduous multistep synthetic and purification
techniques associated with CPE synthesis and isolation.13,20

Figure 1. (Top) Synthesis of P2: (i) Pd(PPh3)4 (5 mol %), xylenes/DMF (15:1), 200 mW, 125 °C, 10 min and (ii) Irgacure 819 (2 wt %),
tetrahydrofuran/methanol/water, UV, 2 h. (Bottom) Fourier-transform infrared spectra of P1 and P2 that highlights the disappearance of alkene
groups and appearance of sulfonate groups following the thiol−ene click post-polymerization modification reaction.
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The pH and photostability of P2 were investigated using
UV−vis and fluorescence spectroscopy (Figures S3 and S4,
respectively). The polymer showed high stability in neutral and
basic solutions spanning the range associated with marine
environments. Consistent with reports of other fluorescent
CPs, there was a slow decrease in emission intensity under
constant irradiation (see the Supporting Information for full
details).29 The fluorescence quenching and dequenching
behavior of P2 in aqueous solutions was then evaluated
through a series of titrations using Fe3+ and PPi, respectively
(Figure 2). For all optical characterization and assay
experiments, the concentration of P2 is based on the molarity

of polymer repeat units in which the polymer repeat unit
extinction coefficient was measured to be 9200 L mol−1 cm−1

(Figure S5). Upon excitation at 380 nm, P2 exhibits a strong
emission between 400 and 700 nm, with maximum intensity
centered at 463 nm. Upon titration with Fe3+, the fluorescence
of P2 was strongly quenched with maximum quenching,
defined as the point at which the fluorescence intensity does
not decrease upon further addition of Fe3+ to the P2 solution,
observed at 1.3 × 10−5 M Fe3+ (Figure 2b). A Stern−Volmer
plot was obtained by plotting Io/I against the Fe3+

concentration, where Io and I are the fluorescence intensities
of P2 in the absence and presence of Fe3+, respectively, and the

Figure 2. (a) Scheme depicting the fluorescence quenching and dequenching behavior of P2 upon the addition of Fe3+ and PPi, respectively. (b)
Fluorescence quenching behavior of an aqueous solution of P2 (2 × 10−5 M) upon addition of Fe3+ (up to 1.3 × 10−5 M) (λex = 380 nm). (c)
Stern−Volmer plot showing the quenching behavior of P2 as a function of Fe3+ concentration (λex = 380 nm, λem = 463 nm). The Ksv value is
determined from the slope of the line of best fit. (d) Picture of P2 solutions in deionized (DI) water showing the on−off−on fluorescence behavior
upon subsequent additions of Fe3+ and PPi. (e) Fluorescence dequenching of P2-Fe3+ upon the addition of PPi (up to 5.3 × 10−6 M) (λex = 380
nm). (f) The evolution in the absorbance of P2 (2 × 10−5 M) upon the addition of Fe3+ in water.

Figure 3. Bar graph summarizing the effect of (a) cations on the fluorescence intensity of P2 and (b) anions on the fluorescence intensity of P2-
Fe3+ (λex = 380 nm, λem = 463 nm). The initial fluorescence intensities, Ioq and Iod, are defined as the emission intensity of neat P2 and P2 following
the addition of Fe3+ to quench the fluorescence by 85%, respectively, and Iq and Id are the fluorescent intensities of P2 and P2-Fe3+ in the presence
of the various cations and anions, respectively. Negative values correspond to fluorescence quenching, whereas positive values indicate fluorescence
dequenching. Pictures showing the fluorescent responses of P2 and P2-Fe3+ solutions under UV irradiation (λex = 365 nm), in the presence of
cations and anions, respectively, are also included.
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slope is the Stern−Volmer constant (KSV) (Figure 2c). The
plot has a linear range between 0 and 7.3 × 10−6 M Fe3+ with a
KSV of 3.4 × 105 M. The strong linearity and high KSV indicate
a static and amplified quenching mechanism, respectively, and
there is no observable variation in the fluorescence lifetimes of
P2 and P2-Fe3+, which further indicates a static quenching
mechanism (Figure S7). Above the linear region, the
magnitude of the fluorescence response with respect to Fe3+

concentration decreases (Figure S6a). The evolution in the
absorbance of P2 upon Fe3+ addition is shown in Figure 2f.
The absorption maximum (λmax) only slightly blue-shifts 5 nm
from 378 to 383 nm, indicating that the binding of Fe3+ has
little effect on the electronic structure of P2. Upon the addition
of PPi (up to 5.3 × 10−6 M) to P2-Fe3+, the quenched
fluorescence is almost fully recovered (Figure 2e). We found
that the addition of Fe3+ to quench the fluorescence to
approximately 85% of the maximum was optimal for
maximizing the sensitivity of the assay. When P2 is fully
quenched, the initial addition of PPi does not result in
immediate fluorescence recovery (Figure S6b), which leads to
lower sensitivities. We hypothesized that the incorporation of
the ethynyl linker in the polymer backbone would promote
planarity and extend the conjugation length to improve assay
sensitivity. Indeed, the absorption and emission maxima of P2
are significantly red-shifted compared to those reported for a
CPE with a fluorene-alt-phenylene backbone (334 and 411
nm, respectively), and a 2 orders of magnitude enhancement in
the sensitivity is observed.20,27

To accurately determine PPi concentration in complex
aqueous environments, it is important that the on−off−on
fluorescent behavior of P2 is not strongly influenced by cations
and anions other than Fe3+ and PPi. Therefore, a series of
selectivity tests were performed to individually assess the effect
of various cations and anions on the fluorescent properties of
P2 and P2-Fe3+, respectively. With the intent of utilizing P2 as
a PPi sensor in marine environments, we investigated the
effects of Na+, K+, Mg2+, Ca2+, and Sr2+, as these are the most
prevalent cations in seawater (>1 ppm), as well as a variety of
minor cations found in seawater including: Co2+, Fe2+, Mn2+,
Ni2+, and Zn2+.30 Figure 3a plots Iq/Ioq − 1, where Ioq is the
fluorescence intensity of neat P2 in DI water, and Iq is the
intensity of P2 in the presence of the various cations combined
in a 1:100 molar ratio of P2 to metal cations. Negative values
correspond to fluorescence quenching, whereas positive values
represent fluorescence enhancement. The presence of Fe3+ and
Co2+ induced the greatest reduction of the emission intensity

at 80% and 40%, respectively. Some cations, such as Fe2+ and
Mn2+, slightly enhanced the fluorescence. In comparison, Fe3+

most significantly quenched the fluorescence of P2, demon-
strating that the fluorescence quenching of P2 is selective
toward Fe3+ and that cations present in marine and brackish
environments would have a minimal effect of the fluorescent
signal of P2.
Using a similar analysis, the fluorescence response of P2-

Fe3+ to a variety of anions was also evaluated. Anions ranged
from the major anionic constituents in seawater; F−, Br−, Cl−,
H2BO3

−, HCO3
−, and SO4

2−, trace and minor anionic
components in seawater; I−, C2H3O2

−, CO3
2−, and NO3

−,
and other phosphates, H2PO4

− and PO4
3−.30 In these

experiments, the fluorescence of P2 was quenched by 85%
with Fe3+ and the molar ratio P2 to anions was adjusted to
1:100. In Figure 3b, Id/Iod − 1 is plotted, where Iod is the
fluorescence intensity of P2-Fe3+ (PPi fluorescence quenched
to 85% with Fe3+) and Id is the fluorescence intensity following
the addition of the various anions. In the presence of PPi, the
fluorescence of P2-Fe3+ rapidly increases four-fold, whereas,
the addition of other phosphate anions, H2PO4

− and PO4
3−,

only slightly dequenched the fluorescence. The other anions
have minimal effect on the emission intensity of P2-Fe3+

indicating the dequenching behavior of P2-Fe3+ is highly
selective toward PPi and could potentially function as a PPi
sensor in more-complex systems.
To demonstrate the potential of P2 to serve as a PPi sensor

in complex aquatic environments, a fluorescence assay was
designed to measure PPi concentrations in artificial seawater. A
calibration curve of the fluorescence intensity of P2-Fe3+ with
respect to PPi concentration is shown in Figure 4a, with a
linear response observed from 0 to 40 nM PPi. The limit of
detection (LOD), defined as the lowest concentration of
analyte that can be detected, was calculated to be 4 nM using
the equation LOD = 3 δ/m, where δ and m are the standard
deviation and slope of the calibration line, respectively.
Artificial seawater solutions with known amounts of PPi (6,
15, and 30 nM) were prepared with Instant Ocean sea salt. In a
typical assay, 3 μL of P2-Fe3+ (0.2 mM P2 and 0.1 mM Fe3+)
was added to a 3 mL seawater sample, and the fluorescence
intensity at 463 nm was measured (λex = 380 nm). The
averaged results from three trials are plotted in Figure 4a,
which demonstrates that the experimental data are in good
agreement with the theoretical values. The limit of
quantification (LOQ), defined as the lowest concentration of
analyte that can be quantified, was determined using a

Figure 4. (a) Peak fluorescence intensity of P2-Fe3+ with respect to PPi concentration (blue spheres) and intensities measured from seawater
samples with known amounts of PPi (red stars) (λex = 380 nm, λem = 463 nm). Error bars correspond to standard errors measured from three
samples. (b) Picture of P2 solutions in artificial seawater showing the on−off−on fluorescence behavior upon subsequent additions of Fe3+ and PPi.
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precision profile approach to account for any potential
variability in the fluorescence measurements due to the
presence of cations and anions in the artificial seawater. The
LOQ was found to be 6 nM within a 10% relative standard
deviation, demonstrating the ability of P2 to accurately
measure PPi in a complex environment at parts-per-billion
concentrations. This system demonstrates one of the lowest
detection limits of solution-based conjugated polymer systems
for the detection of PPi in aqueous systems while also
operating in a marine environment (Table S1).17,19,20,22,23

In conclusion, we demonstrate a facile on−off−on
fluorescent assay for PPi detection in complex aqueous
environments. A rigid water-soluble CPE with a poly-
(fluorene-co-ethynyl) backbone and sulfate functionalized
side-chains was rationally designed to incorporate selective
analyte−receptor interactions and promote enhanced signal
amplification. The target CPE was rapidly synthesized using a
straightforward approach employing a microwave-assisted
Stille cross-coupling polymerization and thiol−ene click
chemistry post-polymerization modification. This broadly
applicable method enables facile access to the reported system
P2 and other CPEs with an overall reduction in synthetic steps
and purification procedures. It was shown that the polymer
fluorescence is selectively quenched by Fe3+ through an
amplified and static quenching mechanism, and upon
subsequent addition of PPi, the fluorescence is almost
completely restored at concentrations as low as 5.3 × 10−6

M. Accurate detection of PPi in complex and challenging
aqueous environments was evaluated using artificial seawater
samples with known amounts of PPi, and the LOD and LOQ
were found to be 4 and 6 nM PPi, respectively. The
performance of this assay offers promising opportunities for
also monitoring PPi in biological aquatic ecosystems, while the
broad utility of thiol−ene click chemistry offers the potential
for the straightforward integration of other diverse sensing
elements.
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