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Co-assemblies of polydiacetylenes and metal ions
for solvent sensingf

Si Wu, @2 *2° Libin Pan,® Youju Huang, ©2° Ni Yang® and Qijin Zhang*®

We demonstrate an easy and low-cost approach for the colorimetric differentiation of organic solvents
using co-assemblies of polydiacetylenes (PDAs) and metal ions. The co-assemblies were prepared by
the self-assembly of amphiphilic 10,12-tricosa diynoic acid with different metal ions (Zn?*, Cu®t, Ni?t,
Ca®*) and subsequent photopolymerization. Different metal ions underwent different interactions
with the carboxyl groups on the side chains of poly(10,12-tricosa diynoic acid), which influenced
the stimuli-responsiveness of the PDA/metal ion co-assemblies. As a result, the PDA/metal ion
co-assemblies with different metal ions showed different solvatochromism. Based on this property, the

co-assemblies were used as sensors to differentiate organic solvents.

Introduction

Conjugated polymer-based sensors are sensitive to very minor
perturbations due to amplification by a collective system
response and therefore offer a remarkable advantage over small
molecule-based sensors.”® Polydiacetylenes (PDAs) are well-
known conjugated polymers. PDAs show stimuli-responsive
blue-to-red color changes because the conformation of the
conjugated backbone changes, which results in a change of
the efficient conjugated length of the polymer chain.*”™** Most
PDAs appear with an intense blue color related to an absorption
maximum at a wavelength .., of around 640 nm. External
stimuli such as temperature,” **'* pH,'®'” stress,'® ions,"’
solvents,”® ligands,>" and biomaterials cause a color change
to the red phase with /A, around 550 nm.*” The intriguing
stimuli-responsive color change properties**>® show potential
for applications in sensing.

A promising application of PDAs is solvent sensing. PDAs
show solvatochromism when exposed to solvents.”® However,
there has been nearly no development of PDA-based sensor
systems for differentiation of organic solvents until recently.
Lu et al. proposed that the solvatochromism of PDAs could be
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used for applications in solvent sensing.>”*® Recently, two real

solvent sensor systems based on the solvatochromism of PDAs
have been developed by Kim’s group.”®?® In their first system,
four organic solvents can be distinguished by four different
PDAs. In their second system, nine organic solvents can be
distinguished by the mixtures of two different PDAs.*° In our
previous work, hydrogen bonding complexes containing three
different PDAs were used to distinguish hexane from three
other solvents.’* The solvent sensor systems mentioned above
require the synthesis of diacetylenes with different substituents,
and at least two different diacetylenes were needed for solvent
sensing. It is a challenge to use only one commercially available
diacetylene for differentiation of various organic solvents. If this
kind of solvent sensor system is available, tedious synthesis work
can be avoided and the cost of preparation of a solvent sensor
system can be reduced.

The aim of this work is to demonstrate an easy and low-cost
strategy to use only one commercially available diacetylene to
construct a solvent sensor system that can be used to differ-
entiate solvents. The key challenge in the fabrication of
PDA-based solvent sensors is to construct a library of PDAs
with different stimuli-responsive color changes, ie. to obtain
a series of PDAs with different sensitivities to solvents. Our
concept of the construction of such a sensor system is based on
co-assemblies of a PDA and different metal ions. We use
10,12-tricosa diynoic acid and different metal salts to prepare
co-assemblies of PDA/metal ions. Different metal ions show
different coordination interactions with carboxyl groups on the
side chains of poly(10,12-tricosa diynoic acid), which directly
cause different stimuli-responsive properties of these PDA/metal
ion co-assemblies. We built a library for solvent sensing based on
these PDA/metal ion co-assemblies. We demonstrate that six
organic solvents can be distinguished using these co-assemblies.
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Experimental section
Materials

10,12-Tricosa diynoic acid (TDA) was purchased from Alfa Aesar
and used as received. Cu(NOj),, Zn(NO;),, Ni(NO3), and
Ca(NO;), were all analytical reagents and used without further
purification. Milli-Q water was used in all cases.

Preparation of the PDA/metal ion assemblies

The process of preparation of the PDA/metal ion co-assemblies
is shown in Fig. 1.

An ethanol solution of TDA (6.0 x 10~> mol L™", 1.0 mL),
after 5 min ultrasonic wave treatment, was added to 300 mL of
Milli-Q water. Then, the M(NOj3), (M = Zn, Cu, Ca, Ni) aqueous
solution (3.0 mL, 4.0 x 10> mol L") was also added into the
Milli-Q water above. The resulting mixture was treated using
ultrasonic waves for 1 hour in an Elma S60H ultrasonic tank.
A dispersion was obtained after ultrasonic treatment and the
dispersion was cooled to room temperature naturally. The
obtained dispersion was stored in a fridge at 4 °C overnight.
Polymerization was carried out at room temperature by irradiating
the dispersion using a UV-hand lamp at 254 nm. The pH of these
assemblies was 4.7-5.6. The names of the co-assemblies are
abbreviated as PTDA/M (M = Zn**, Cu®', Ca®", Ni*").

Measurements

UV-vis absorption spectra were measured on a SHIMADZU
UV-2550 PC spectrophotometer. Solvatochromism of the PTDA
assemblies was studied using UV-vis absorption spectroscopy
and the details of the experiments are as follows. A small
amount of a solvent was added to the PTDA assemblies and
the UV-vis spectrum of the sample was measured; then, a bit
more solvent was added to the PTDA assemblies and the UV-vis
spectrum was measured again. This experiment was similar to
titrimetric analysis. Titration was stopped when the absorption
bands of the assemblies did not change. The colorimetric
response (CR) of the assemblies was calculated according to
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the absorption spectra. CR is defined as CR = (B, — By)/B,, in
which B = Apjue/(Apiue * Area), Bo and By are the pre- and post-
exposure values, and Apy. and A,.q are the blue phase and red
phase absorptions. FTIR spectra were obtained using a Nicolet
8700 spectrometer. The sample for FTIR measurement was
prepared by applying the dispersion onto a silicon wafer and
leaving it to dry in air, and then the sample was transferred to
an oven and dried under vacuum overnight. The morphologies
and energy dispersive spectra (EDS) of the assemblies were
observed on a JEOL-2010 transmission electron microscope
(TEM). The samples for TEM measurements were prepared by
applying a drop of the dispersion onto a Cu grid and leaving it
to dry in air.

Calculation of the solubility parameters

According to solubility theory, the total solubility parameter J;
could be divided into three component Hansen parameters, dg,
0p and Jy,, by considering the dispersion, polar and hydrogen
bonding forces.** The Hansen parameters of the water/organic
solvent mixtures can be estimated from the following equation:

6average = Z(/)iéi (1)

where Jayerage is the average solubility parameter of the mixture,
and ¢; and 0, are the volume fraction and solubility parameter
of the component.

The Hansen parameters of the side chains of PTDA and the
repeating unit of the backbone of PTDA can be calculated
according to a group-contribution method (see ESI{).*°

Hansen solubility parameters can also be used in the
equivalent form of Teas parameters.>* With these parameters,
each compound is represented by a single point in a ternary
plot. The Teas parameters of the water/organic solvent mixtures
can be estimated from the following equations:*°

Ja=0al(dq + 0p + 0n) (2

Jo = 0p/(0a + O + On) 3)

(M = Zn, Cu, Ca, Ni)
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Fig. 1 Chemical structures of TDA and PTDA/M (M = Zn?*, Cu?*, Ca®*, Ni?*), the process of preparation of the PTDA/metal ion co-assembilies, and the
models of different types of coordination between the carboxylate anion and metal ions.
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fh = éh/(éd + 513 + 5}1) (4)

where fy is the dispersion component of the Teas parameter, f,
is the polar component of the Teas parameter, and f;, is the
hydrogen bonding component of the Teas parameter.

Results and discussion

The process of preparation of the co-assemblies of PDAs with
different metal ions and possible coordination interactions
between the carboxylate anion and metal ions are illuminated
in Fig. 1. The interactions between carboxyl groups and metal
ions in the co-assemblies were studied using FTIR spectroscopy
(Fig. 2). TDA assemblies without metal ions (black line) have a
strong band at 1692 cm ™", which is attributed to the hydrogen-
bonded carbonyl stretching band »(C=0).>"**> For TDA/Ca
(blue line), the stretching band at 1692 cm ™" still exists, indicating
incomplete coordination between carboxylic acids and Ca*". For
TDA assemblies containing other metal ions, some new bands
appear at 1600-1500 and 1500-1350 cm ™, which can be ascribed
to the antisymmetric 7,(COO~) and symmetric vs(COO")
stretching vibrations of the carboxylate anion, respectively.*"*?
In the FTIR spectra of TDA/Ni and TDA/Zn, there are broad
bands at 1644 and 1638 cm ™", respectively, which come from
vibrations of water molecules in the two samples.*® As the drying
processes of these two samples are the same as the other
samples without such a peak, there should be no free water
molecules in these two samples. The vibration peak probably
comes from water molecules coordinated with Ni** and Zn**, or
hydrated carboxylate ions.**”*> For TDA/Cu, no stretching bands
of hydrogen-bonded carbonyl can be detected, indicating the
complete coordination between carboxylic acid with Cu*".

The CH, scissoring band §(CH,) is at around 1471 cm ',
which reflects the packing structure of TDA.>'*> A broad peak
centered between 1467 and 1469 cm ™" is indicative of hexagonal
packing, a sharp peak at ca. 1471-1472 cm™ ' is characteristic of a
triclinic structure, and a doublet at 1465 and 1473 cm™ ' is
indicative of an orthorhombic structure. Because the CH, scissoring
band in our samples sometimes overlapped with other bands, it is
impossible to discriminate among these structures.
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Fig. 2 FTIR spectra of the assemblies of TDA and TDA/M (M = Zn?*, Cu?*,
Ca’*, Ni?*).
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Table 1 Interaction types in the assemblies of TDA and TDA/M (M = Zn,
Cu, Ca, Ni) according to FTIR?

Sample FTIR analysis Interaction type
TDA/Ni 1644 cm™" H-Bonding
A=1538 — 1397 =143 cm ™! Bridging bidentate
TDA/Ca 1692 cm ™', 1684 cm ™ H-Bonding
A =1574 — 1460 = 114 cm ™" Chelating bidentate
A=1574 — 1416 =158 cm ™" Ionic
A=1574 — 1397 =177 cm™ " Bridging bidentate
A =1538 — 1460 = 78 cm ™" Chelating bidentate
A=1538 — 1416 =122 cm ™" _
A=1538 — 1397 = 141 cm ™" Bridging bidentate
A =1526 — 1460 = 66 cm ™" Chelating bidentate
A=1526 — 1416 =110 cm " Chelating bidentate
A=1526 — 1397 =129 cm ™" _
TDA/Cu A=1585 — 1462 =123 cm ™" _
A=1585 — 1417 = 168 cm ™" Ionic
A=1585 — 1397 =188 cm™ " Bridging bidentate
TDA/Zn 1638 cm ™" H-Bonding
A=1539 — 1462 =77 cm ™" Chelating bidentate
A =1539 — 1397 = 142 cm ™" Bridging bidentate
TDA 1692 cm ™’ H-Bonding

¢ The interaction types are assigned according to ref. 31, 33 and 35.

It is well-known that the separation (4) between antisym-
metric and symmetric stretching vibrations of carboxylate
(4 = 1,5(COO7) — (COOT)) can be used as a diagnosis to
determine the coordination type (ionic, monodentate, bridging
bidentate, chelating bidentate) between the carboxylate and
metal ions.?*** The relationship between the separation values
and the coordination types can be generalized as follows: ionic
(164 cm™"), monodentate (200-300 em™ "), bridging bidentate
(140-170 cm™ "), and chelating bidentate (40-110 cm™').**%°
The calculation results and the interaction types of TDA assem-
blies are listed in Table 1. For TDA/Ni, carboxyl groups form
chelating bidentate complexes with Ni**. For TDA/Ca, the
hydrogen-bonded carbonyl stretching band »(C=0) splits into
a peak at 1684 cm ' and a shoulder at 1692 cm ™, and at the
same time, some strong bands such as those at 1573 and
1526 cm™ ! appeared, indicating that there are both hydrogen-
bonded carboxyl groups and chelating bidentate complexes in
TDA/Ca. In the cases of Cu®* and Zn>', both separation values
are in the region of the bridging bidentate. However, the
difference of the separation values is as large as 15 em ™" for
the two samples. Such a difference may be due to the different
coordination geometries of Zn>" and Cu®'.>"® These FTIR
results clearly indicate that TDA exhibits different coordination
types with different metal ions in the co-assemblies.

All TDA/M can be photopolymerized. Polymerization of
TDA/Zn assemblies under UV irradiation at 254 nm causes a
characteristic absorption band of blue phase PDA at around
600-700 nm (Fig. 3). This result indicates the formation of a
conjugated polymer backbone after UV irradiation. The color of
the sample changed to blue. Similar photopolymerization
behavior was observed for all the other TDA (co-)assemblies.
The standard methods of molecular weight determination such
as GPC are not appropriate because our samples are insoluble.

It is well known that the mechanism of photopolymerization
of diacetylene is a topochemical reaction.*®*” The reaction can

Soft Matter, 2018, 14, 6929-6937 | 6931
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Fig. 3 UV-vis absorption spectra of TDA/Zn co-assembly recorded after
various irradiation times of UV light at 254 nm.

take place in close-packed structures, such as crystals,*>*”

layers,®® Langmuir-Blodgett films,*®**® liposomes,*® micelles
or vesicles.*® Obviously, the microenvironments of the TDA
assemblies are suitable for the topochemical reaction, which is
proved by the characteristic absorption band of blue phase PDA
at 600-700 nm. The morphologies of PTDA and the PTDA/M
co-assemblies were observed using a TEM (Fig. 4). PTDA without
metal ions formed spherical nanoparticles with a diameter of a
few tens of nanometers. PTDA/Ca formed nanoparticles with a
typical size of 30-120 nm. PTDA/Ni assembled into spherical
nanoparticles with a typical size of 40-200 nm. PTDA/Cu formed
lamellar-like nanostructures with a typical size of 50 nm to
several hundred nanometers. PTDA/Zn assembled into
lamellar-like structures with a typical size of several hundred
nanometers. The structure of PTDA/Zn was further characterized
by focusing the electron beam on a piece of the lamellar-like
nanostructure to obtain an EDS spectrum. As shown in Fig. 4f,
the signals of Zn are very clear in the EDS spectrum. This result
shows Zn?" is introduced into the PTDA assemblies, which is in
accordance with the FTIR result.

mono-

T v
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RT——85°C—— RT

» .
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PTDA
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Fig. 5 Photographs of PTDA and PTDA/Zn at room temperature (RT), at
85 °C and after cooling to RT.

Thermochromism of PTDA and PTDA/Zn was first tested as
soon as these co-assemblies were obtained. As shown in Fig. 5,
PTDA showed irreversible thermochromism and PTDA/Zn
showed reversible thermochromism. Metal ions have effects
on the thermochromism of PTDA assemblies. In terms of this
observation, it is anticipated that PTDA with different metal
ions may show different responsive properties upon other
stimuli such as solvents.

The THF-induced color change of PTDA, PTDA/Ca and
PTDA/Zn was investigated using UV-vis absorption spectro-
scopy. As shown in Fig. 6a and b, when the concentration of
THF reached 11.8% in PTDA and 14.3% in PTDA/Ca, respectively,
the characteristic absorption bands of blue phase PDA
disappeared. The color change of these two samples was
observed by the naked eye. The colors of the two samples
changed to red when the concentrations of THF went over
a critical value. However, the blue phase band of PTDA/Zn at
600-700 nm did not disappear even when the concentration of
THF was as high as 60% (Fig. 6¢). The proportions of blue
phase PDA and red phase PDA remain the same when the
concentration of THF is between 14.3% and 60%. The color of
PTDA/Zn became purple but not red, which is totally different
from that of PTDA and PTDA/Ca. The colorimetric response

—— |(c)PTDA/Ni

200 nm

L

PTDA/Zn

Intensity

Fig. 4 TEM images of (a) PTDA, (b) PTDA/Ca, (c) PTDA/Ni, (d) PTDA/Cu and (e) PTDA/Zn; (f) EDS spectrum of PTDA/Zn.
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Fig. 6 UV-vis absorption spectra of (a) PTDA, (b) PTDA/Ca and (c) PTDA/Zn at different concentrations of THF. (d) THF-induced colorimetric response

(CR) of PTDA, PTDA/Ca and PTDA/Zn.

(CR) of PTDA, PTDA/Ca and PTDA/Zn with different concentra-
tions of THF was calculated according to the UV-vis absorption
spectra (Fig. 6d). PTDA was the most sensitive to THF. PTDA/Zn
is the most resistant to THF. The sensitivity of PTDA/Ca is
between the sensitivities of PTDA and PTDA/Zn. Based on these
results, we conclude that PTDA assemblies with different metal
ions show different solvatochromism to the same solvent.
The CR of PTDA in different concentrations of THF, dioxane
and acetone is shown in Fig. 7. PTDA is the most sensitive to
THF, the least sensitive to acetone and the sensitivity of PTDA
to dioxane is in the middle. So, PTDA showed different solvato-
chromism to different solvents. It is well known that the
solvatochromism of PDAs comes from the polymer-solvent

PTDA
0.8 —a— THF
—&— Acetone
—e— Dioxane
0.6
o
O 04}
0.2F
0.0 L

0.0 0.1 0.2 0.3 0.4
Concentration of solvent (v/v)

0.5

Fig. 7 Solvent-induced colorimetric response (CR) of PTDA.

This journal is © The Royal Society of Chemistry 2018

interactions that change the chain conformations of PDAs.*
The strength of the polymer-solvent interaction can be calcu-
lated according to the solubility parameters.*® The solubility
parameters of the side chains and backbone of PTDA and the
solvent environments were calculated and a phase diagram
(Teas plot) of PTDA in different solvent environments is shown
in Fig. 8a. Details of the calculation of the solubility parameters
are described in the Experimental section and the ESL In the
Teas plot, THF is near both the backbone and the side chains of
PTDA; acetone is near the backbone of PTDA but away from the
side chains of PTDA; dioxane is near the side chains of PTDA
but away from the backbone of PTDA. This result indicates that
THF can swell both the backbone and the side chains of PTDA
well and the other two solvents can only swell the side chains or
the backbone of PTDA. THF is a ‘“‘stronger’’ solvent for swelling
PTDA, which results in PTDA being more sensitive to THF.
So, the theoretical calculations are in accordance with the
experimental results shown in Fig. 7.

The solubility parameters of PTDA/Zn cannot be calculated
with the current knowledge of solubility parameters. The
calculation of the solubility parameters of hybrids of polymer/
metal ions requires an improvement of current solubility
theory. The solubility parameters of the solvent environments
of PTDA/Zn can be calculated and they are shown in Fig. 8b.
As shown in Fig. 8b, the phase behaviour of PTDA/Zn is quite
different from that of PTDA. PTDA/Zn is not only more resistant
to THF (the result of Fig. 6) but also more resistant to acetone
and dioxane, indicating that coordination with Zn>" improved

Soft Matter, 2018, 14, 6929-6937 | 6933
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Fig. 8 Teas plots of (a) PTDA and (b) PTDA/Zn. The inset shows the chemical structures of R; (repeating unit of PTDA backbone), R, (hydrophobic side
chain of PTDA) and Rz (hydrophilic side chain of PTDA). In the Teas plots, different colors show different phases of PDAs: blue denotes the blue phase;
green denotes mixed blue and red phases; red denotes the red phase.

the stability of PTDA. It is well known that covalent bonds, As discussed before, both separation values of Cu** and Zn**
hydrogen bonds and m-m stacking can improve the stability of are in the region of bridging bidentate. However, the solvato-
PDAs.>*'>"3 The coordination between carboxyl groups and Zn>*  chromism of PTDA/Cu is totally different from that of PTDA/Zn.
plays the same role as that of the other bonds mentioned above. = PTDA/Cu is even more sensitive to solvents than PTDA without

Glycol Methanol Ethanol Dioxane Acetone THF

PTDA

PTDA/Zn

PTDAI/Ca

PTDA/Cu

PTDAI/Ni

— i ORI

Fig. 9 Photographs of PTDA and PTDA/M (M = Zn, Cu, Ca, Ni) after exposure to organic solvents. The volume fractions of the solvents are 33.3%.
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metal ions (Fig. 9). There are two possible reasons. One is that
the solvents can coordinate with Cu®**. The other is that the
difference of the separation values of PTDA/Zn and PTDA/Cu is
as large as 15 cm™*, indicating different coordination geometries
between them.*'*** Huang et al. reported that the UV polymeriza-
tion of Langmuir-Blodgett films of TDA with Cu®" results in red
phase PDA but not blue phase PDA.>" PTDA/Cu may have a strong
tendency to form the red phase conformation. The sensitivity of
PTDA/Cu allows us to obtain co-assemblies that are more sensitive
than PTDA without metal ions.

It should be noted that a CR value of 0.10-0.15 is usually
readily discernible by the naked eye.*" To probe the feasibility
of a visual solvent sensor system based on PTDA co-assemblies
with different metal ions, 1 mL of organic solvent such as
methanol, THF, ethanol, glycol, dioxane and acetone was added
to 2 mL of PTDA co-assemblies with different metal ions.
Photos of the samples were taken after the addition of the
solvents and the assemblies were mixed for 1 min. As shown in
Fig. 9, PTDA can distinguish methanol from ethanol, but
it cannot distinguish dioxane from acetone; PTDA/Cu can
distinguish dioxane from acetone, but it cannot distinguish
methanol from ethanol. However, when PTDA and PTDA/Cu are
put together in a library, methanol, ethanol, dioxane and
acetone can be distinguished. As shown in Fig. 9, we used
PTDA and PTDA co-assemblies with four different metal ions to
construct a library. When used in combination, the PDA
assemblies in this library allow for the visual differentiation
of six organic solvents by simply monitoring the color changes.
The metal ion solutions without PDA assemblies were almost
colorless, showing the color changes are indeed caused by the
structural change of the PDA assemblies (ESL T Fig. S4 and S5).

The above-mentioned results showed that metal ions have a
strong influence on the color change of PDA assemblies. The
solvent-induced color changes in the PTDA assemblies with
different metal ions can stay nearly unchanged for at least
several hours. The vivid color change in response to the organic
solvents, which can be observed by the naked eye, is a major
advantage of PDA-based sensors. The number of distinguishable
organic solvents should increase when more different metal ions
are used. As a kind of self-assembled coordination system, this
system is easily tunable by varying the metal ions. Compared with
other PDA-based solvent sensors,*** the advantage of the current
system is that only one commercially available diacetylene monomer
is used as the building block of the sensor system. Therefore,
tedious synthesis work is avoided and the cost of preparation of a
solvent sensor system can be reduced. A combinatorial approach
could also be developed by introducing different ratios of PTDA
and PTDA/Zn into film systems to fabricate a library of PDA-based
sensors with different sensitivities. Our current effort is focused
on the fabrication of test papers containing PTDA assemblies with
different metal ions.

Conclusions

In summary, a solvent sensor system based on coordination of
different metal ions with a commercially available diacetylene

This journal is © The Royal Society of Chemistry 2018
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has been developed. The experimental results demonstrate that
the different solvatochromism of these co-assemblies comes
from different coordination interactions between PTDA and the
metal ions. The advantages of the PDA/metal ion co-assemblies
include low cost and easy fabrication. We believe this study
opens up a new route for the design of conjugated polymer-
based solvent sensor systems. The strategy of using metal
coordination should be applicable for construction of other
functional polymer/metal ion co-assemblies.
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