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Abstract Three thiophene-based conjugated microporous
polymers (CMPs: TTPTh, DBTh, and TBTh) were prepared by
Sonogashira-Hagihara cross-coupling polymerization, and their
structures were characterized by FTIR, ss 3C NMR, and
elemental analysis. The obtained TTPTh, DBTh, and TBTh have
excellent thermal stability with decomposition temperature of
615, 298, and 290 °C and high porosity with BET surface area
of 564.97, 416.99, and 521.30 m? g, respectively. The results
reveal that the conjugation of the CMPs plays an essential role
in determining fluorescence sensing performances. Because of
perfect conjugation arising from a low volume of the building
block or low degree of cross-linking, DBTh has high
fluorescence sensing sensitivity to 2,4-dinitrophenol (DNP) and
iodine with K, of 5.76x10% and 4.52x10* L mol-! and with LODs
of 1.56x10° and 3.32x10'2 mol L. To the best of our
knowledge, the sensitivity to DNP and iodine of DBTh is the
highest among all thiophene-based CMPs reported to date.
Our study provides an essential understanding for the
structure design of fluorescent sensors of CMPs.

1. Introduction

In the 21st century, people are attaching much importance
to porous organic polymers (POPs) in view of the modular
structure and optimization principles. So far, many kinds of POPs
have been developed, including covalent organic framework
(COFs),! polymer aromatic framework (PAFs),? covalent triazine-
based frameworks (CTFs),® conjugated microporous polymers
(CMPs),* hyper-crosslinked polymers (HCPs), and polymers of
intrinsic microporosity (PIMs).> By changing the building unit,
the performance of POPs can be optimized, with favorable
control over the surface area, chemical stability, and
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fluorescence sensing properties. Therefore, POPs have excellent
applications in various aspects, such as fluorescence probe,*
drug delivery therapy,® storage,” adsorption,®° separation,!® gas
separation and storage,!1? adsorbed liquid ions,* photoelectric
effect,? catalysis,'* and so on.

Recently, CMPs have been highly explored as an essential
kind of POPs for their large specific surface area, excellent
porosity, low skeleton density (light element), strong covalent
bond, and extended m conjugated system.!> Porous nature
promotes the transmission of analytes and contact with action
points on CMPs. The rigid skeleton structure avoids the
quenching caused by the aggregation of fluorescent groups.!®
Moreover, they have excellent physicochemical stability. It could
expect that these advantages described above enable them are
more suitable for practical fluorescent sensing appllications.15
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Scheme 1. Synthesis of BBDTh, TTPTh, DBTh, and TBTh.

The thiophene-containing CMPs are novel thiophene-based
porous polymers, which have been studied by some material
scientists and chemists. The excellent electrical, charge transport,
redox, optical, and photoluminescence characteristics of
thiophene-based CMPs have led to their a large variety of
application in the fields of energy storage, electrocatalysis,
electrochemical or bio-electrochemical sensors.'7-?! Although
there are many reports on the properties of thiophene-based
CMPs, there are only a few reports on their fluorescence sensing
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properties. Furthermore, the sensitivity of these thiophene-
based CMPs needs to be further improved.?2-26

(a) AR
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Fig. 1. ss 3C NMR spectra of TTPTh, DBTh, and TBTh.

2,4-dinitrophenol (DNP) is one of the nitro-aromatic
compounds (NACs), which acts as the crude materials for
industries of explosives, fireworks, matches, rocket fuels, dyes,
leathers, and medicines. Because of its wide applications, it can
be easily released into soil and groundwater, and even if it
contacts them occasionally, it may irritate the eyes and skin and
even damage the respiratory system.?”?8 Furthermore, because
it possesses a strong ability to withdraw electron, DNP is difficult
to degrade into nontoxic compounds.?’” Hence, it is important to
develop a simple, rapid, and selective analytical method for DNP
detection. DNP, similar to most NACs, can act as suitable
fluorescent quenchers owing to the presence of electron-
deficient -NO, groups, which makes sensors based on
fluorescence quenching to be the most effective tools for the
detection of DNP.?° Nevertheless, to the best of our knowledge,
there are no CMPs to date for fluorescence detection of DNP.

Molecular iodine shows a brown color and becomes toxic,
which can be emitted when iodine-containing substances under
exposure to light. Therefore, it is necessary to monitor the
content of molecular iodine in iodine-containing drugs during
their synthesis and long-term storage. At present, there are
various analytical methods for the determination of iodine
content in organic substances, including colorimetry,
spectrophotometry, electrochemical method, chromatography
spectrometry, ion chromatography, fluorescence method, and so
on. However, it is still a time-consuming and intricate task for
quantitative determination. This is because of the volatility of

2| J. Name., 2012, 00, 1-3

iodine, its multivalency, and the ease of redox reac‘g"gvrvl%y\gjéc]& ymg
components of the substance analyze@OA1ong/BhelIedsove
methods, spectrometry is relatively simple,
sensitive, and can meet the requirements of rapid analysis of
iodine.3? Lately, our group have developed fluorescence
detection for molecular iodine by CMPs and achieved good
results.?132 However, the sensitivity of thiophene-based CMPs to
iodine needs to be improved.3?

fluorescence

In this manuscript, we present three thiophene containing
CMPs with different cross-linking degree and size building
blocks to discuss further the effect of the molecular structure on
the fluorescence sensing performances of NACs and iodine
(Scheme 1). It is exciting to note that the conjugation of the CMPs
has an essential effect on the fluorescence sensing performance.
The CMPs with small size building blocks or a low degree of
cross-linking demonstrate a high quenching coefficient (Ks). It
can be said that our findings provide a basic understanding of
structural design of CMP chemsensors.

2. Results and discussion

2.1. Characterization, morphology analysis,
performance

and pore

2.1.1. Characterization and morphology analysis

Scheme 1 shows the synthetic routes of the three CMPs
(TTPTh, DBTh, and TBTh) and building block 2,5-bis(4-
bromophenyl)-3,4-diphenylthiophene (BBDTh). The formation
of the BBDTh was confirmed using a range of analytical
techniques (Fig. S1 and S2). The three CMPs were prepared by
Sonogashira-Hagihara cross-coupling polymerization reaction
with yields of 62.72%, 81.57%, and 73.15%, respectively. Their
chemical structure were corroborated by solid-state 3C NMR
spectra (ss 13C NMR), Fourier Transform Infrared (FT-IR), and
elemental analyses (EA). The strong stretching vibration of C-Br
at 1477/1481 cm™ nearly disappeared compared with C-C,
indicating the almost complete conversion of C-Br (Fig. $3).3435
The vibration peaks of terminal C= C triple bond (arising from
unreacted end groups) at about 3298 cm™ were very weak,
while the peaks of bissubstituted acetylenes cut near 2202/2197
cm ! appeared except for TTPTh, which may be due to the large
group of monomer BBDTh.2%37 The peaks at 1636/1657/1646,
1564/1504/1576, and 1475/1504/1412 cm?' were C=C
stretching vibration in the skeleton of the phenyl ring. The
absorption peaks at 1475/1462/1412 and 1384/1396/1317 cm
1 come of the stretching vibration of C=C and C-C in the
thiophene unit. The signals at 1289/1274/1240 cm’,
1072/1171/1119 cm™ result from the stretching vibration of C-
S-C. In addition, the peaks at 834/834/882 cm'! are the
deformation of C-S.38 These characterization data indicate that
the three CMPs have been synthesized. As illustrated in ss 13C
NMR (Fig. 1), for TTPTh, the peak observed at 135.97 ppm
belongs to substituted aromatic carbon bound to thiophene. The
peak of 127.55 ppm is aromatic substituted aromatic carbon,
which is connected with thiophene. The peak at 130.33 ppm is

This journal is © The Royal Society of Chemistry 20xx
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attributed to the carbon atoms on benzene. For DBTh and TBTh,
the peaks at around 122 ppm are part of aromatic carbon on
thiophene. The peaks at 130.77/132.60 ppm are attributed to
the carbon atoms on benzene. For the three CMPs, the peaks
observed at 90.19/98.80/96.11 ppm, 82.00/82.87/80.56 ppm,
and 76.96/76.96 ppm belong to the carbon on the alkynyl
group.3*3° The results of elemental analysis show that the H, N,
and H contents of the three CMPs are basically consistent with
the theoretical calculation (see S1 and S2).
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Fig. 2. TGA analysis data of CMPs. (a) TTPTh, DBTh, and (c) TBTh. Data

collected by heating at 10 °C min'* under a nitrogen atmosphere.

To the naked eye, all the three CMPs appear to be brown
powder. They are insoluble in organic solvents and water. They
are chemically stable to acids, bases, and ordinary solvents.
Further analysis of these CMPs by TGA showed that they were
stable at 615°C, 298°C, and 290°C, respectively (Fig 2).40

Powder X-ray diffraction patterns (PXRD) indicated the
amorphous structure of the three CMPs (Fig. S4). Scanning
electron microscopy (SEM) showed that TTPTh and TBTh are
spherical structures joined together, while DBTh is a fiber-like
structure (Fig. S5).

2.1.2. Pore performance of the obtained materials

The nitrogen adsorption method was used to analyze the
CMP networks, and the desorption curves were located above
the adsorption curve (Fig. 3a). TTPTh showed obvious hysteresis
type I gas adsorption isotherm, DBTh and TBTh showed obvious
hysteresis type Il gas adsorption isotherms classified by IUPAC.
The significant hysteresis is most likely due to the mesoporous
structure of the samples*! and the presence of intergranular
spaces. BET surface areas and pore performances of the three
CMPs were listed in Table 1.TTPTh, DBTh, and TBTh have large
specific surface areas up to 564.97, 416.99, 521.30 m? g! and
high pore volume with 0.4121, 0.2905, 0.5560 cm3 g7,
respectively. To calculate the microporosity, we have calculated
the ratio of Vg1/Vi, which are 0.4596, 0.4689, and 0.1888 for
TTPTh, DBTh, and TBTh, respectively, indicating that TTPTh and
DBTh belong to microporous materials, whereas there are
mesopores in the TBTh material.#**? Non-local density
functional theory (NL-DFT) slit pore geometry model has
successfully calculated the pore size distribution and relative

This journal is © The Royal Society of Chemistry 20xx
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pore size (Fig. 3b). The apertures of TTPTh, DBTh, and J:-BTh are
estimated at 1.22, 2.79, and 5.69 nm, respeé¢tivéfyl039/DONJ029128
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Fig. 3. (a) Nitrogen adsorption—desorption isotherms at 77 K. (b) Pore size
distribution based on non-local density functional theory (NLDFT) calculation.

Table 1. Pore and surface properties of TTPTh, DBTh, and TBTh.

CMPs  Spgs® Stane Voo (PV)° Vi /VV Smicro”
total

mgh) (Mg (migh (migh (m g

TTPTh 564.97 684.86 0.4121 0.1894 0.4596 185.50

DBTh 416.99 560.41 0.2905 0.1362 0.4689 292.70

TBTh 521.30 799.57 0.5560 0.1050 0.1888 210.41

a Specific surface area calculated from the adsorption branch of the
nitrogen isotherm using the BET method in the relative pressure (p/po)
range from 0.01 to 0.10.

b Total pore volume is obtained from BET data up to p/py=0.97 and is
defined as the sum of micropore volume and volumes of larger pores.

¢ Micropore volume calculated from nitrogen adsorption isotherm using the
t-plot method.

2.2. Fluorescent sensing property for NACs and I,

2.2.1. Fluorescent property and response time

The electronic absorption properties of monomers and
CMPs were observed by UV-Vis spectroscopy. TTPTh and BBDTh
showed broad absorption peaks of 228-430 nm and 268-322 nm,
while other building block 1,3,5-triethynylbenzene (TEB)
showed a narrow absorption peak at 231 nm. The peaks have
moved 89 and 127 nm to the right. The peaks of DBTh and TBTh
are about 465-468 and 381-415 nm, which have red-shifts 117,
173 and 64, 150 nm compared with the corresponding
monomers TBrTh, 1,4-diethynylbenzene (DEB), and TEB. These

J. Name., 2013, 00, 1-3 | 3
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results indicated the existence of m-conjugated CMPs (Fig. $6).43
The absorption peaks of TTPTh, DBTh, and TBTh were at 358,
434, and 381 nm, respectively, indicating that DBTh has the best
conjugation performance among the three CMPs. It is most likely
because DBTh's building unit volume is smaller than TTPTh’s,
but the cross-linking density of DBTh is lower than that of TBTh.
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Fig. 4. Fluorescent spectra of (a) TTPTh, (b) DBTh, and (c) TBTh in various
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The solid-state fluorescence spectra of the three CMPs and
the corresponding monomers as well as model compound
tetraphenylthiophene (TPTh) at room temperature were shown
in Fig. S7 and S8, which showed that when excited at 478, 445,
and 301 nm, the emission peaks of TTPTh, DBTh, and TBTh are
at 715, 680, and 569 nm, respectively. The emission peaks of
TEB, DEB, BBDTh, and TPTh are located at 565, 529, 513, and
541 nm, respectively. Compared with monomers, the maximum
fluorescence emission peaks of the three CMPs showed red-shift,
indicating that the as-synthesized CMPs had high degrees of
polymerization. Moreover, The presented emission spectra in

4| J. Name., 2012, 00, 1-3

Fig. S8 are extremely small because of the low conjugation.effect
for the monomers and the fluorescence qRénchHingSeffdtnved
by aggregation.36:44-46

TTPTh, DBTh, and TBTh were dispersed in acetone,
acetonitrile (ACN), dimethylformamide (DMF), 1,4-dioxane
(DOX), ethanol (EtOH), chloroform, and tetrahydrofuran (THF)
to investigate the potential applications as fluorescent sensors
for the detection of NACs and I,.#7 As shown in Fig. 4, TTPTh,
DBTh, and TBTh emitted strong fluorescence when they were
dispersed in trichloromethane, DMF and THF, respectively.
Under UV irradiation at 365 nm, only DBTh emitted bright cyan
fluorescence in ACN, DMF, DOX, and THF suspension (Fig. 4b
Insert). The corresponding CIE coordinate of DBTh was found to
be (0.1662, 0.1848), (0.2701, 0.5686), (0.2237, 0.5132), and
(0.239, 0.4834) excited by 410 nm, all within the green-light
region in the chromaticity graph except for in ACN (Fig.
$9).454849 5o we chose chloroform, DMF, and THF as the solvents
for severally dispersing TTPTh, DBTh, and TBTh to conduct the
sensing experiments through fluorescence quenching.

The fluorescence intensity of the dispersions for the three
CMPs with time before and after adding into DNP or I, was
shown in Fig. S10 and Fig. S11. As expected, when different
concentrations of DNP and I, were added into TTPTh-
chloroform, DBTh-DMF, and TBTh-THF dispersion, the
fluorescence intensity of TTPTh, DBTh, and TBTh
instantaneously decreased in the 20s, indicating that the three
CMPs have ultrafast fluorescence response rates for DNP and I,.
It demonstrates the effective "real-time" detection of DNP and I,
by the three CMPs.>0->3

2.2.2. Sensitivity to DNP and iodine

The sensitivity (slopes of linear response ranges and limit of
detection (LOD)) of the three sensor systems were measured
under optimized experimental conditions. DNP solutions at
different concentrations of chloroform, DMF, and THF were
added into the suspensions of TTPTh, DBTh, and TBTh for
fluorescence quenching titration, respectively. As shown in Fig.
5a-d, their fluorescence intensity decreased with increasing DNP
concentration over a wide concentration ranges. The relative
fluorescence intensities (Ip/I) were linear with the DNP
concentration at low concentration (Fig. 5e). The quenching
efficiencies of the DNP were determined by Stern-Volmer
equation, Iy/I=1+Kg[analyte],>* where 1, and 1 are the
fluorescence intensity when the analyte is not added and the
analyte is added. K, is the Stern-Volmer quenching constant.
The K, values of TTPTh, DBTh, and TBTh were 1.10x10%
5.76x10% and 9.59x103 L mol, respectively. LOD is calculated
using the formula: 3S/p (S is the standard deviation of
background noise from the calibration curve, p is the slope of the
linear relationship).2%54 The LODs of TTPTh, DBTh, and TBTh for
DNP are estimated to be very low with 5.47x10°1%, 1.56x10-1°,
and 9.38x10° mol L7, respectively. The sensitivity of DBTh is
higher than that of TTPTh and TBTh. We conjecture that the
building block (TBrTh) of DBTh is smaller to that (BBDTh) of
TTPTh, the degree cross-linking of DBTh is smaller than that of

This journal is © The Royal Society of Chemistry 20xx
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[DNP] 0 in Table S2-S4. It should be noted that no reports of thiophene-

based CMPs used to detect DNP have been found. Moreover,
compared with other reported thiophene-based CMPs, TTPTh,
DBTh, and TBTh sensor systems have the highest sensitivity to
iodine (Table S2).3® As shown in Table S3, there are many
detection methods that were employed, including solid-phase
microextraction coupled to gas chromatography-mass
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added to the colloidal solution of DBTh and TBTh (polymer
concentration was 1.0 mg mL), then other NACs or I, of the
same concentration was added to DBTh and TBTh, respectively.
The results were showed that the sensing of the DNP by DBTh
was hardly affected by NACs except for I; and PA, and by TBTh
except for p-DNB, o-NP (Fig. 6, green bar). The experiments also
show that both DBTh and TBTh have selectivity for NACs.222357
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Fig. 6. Selectivity and competitiveness of (a) DBTh, and (b) TBTh in DMF and
THF ([DNP]= 1.5x10* and 2.0x10* mol L?, Aex = 410 and 362 nm). The red
bars represent the relative fluorescent intensity of CMPs in the presence of
the competition NACs, and the green bars represent the relative fluorescent
intensity upon the addition of DNP to the above solution.

2.2.3. The mechanism of fluorescent sensing to NACs and I,

To investigate the fluorescence sensing mechanism, the
absorption spectra of NACs and I,, as well as the fluorescence
spectra of the three CMPs were determined (Fig. S13). The
absorption spectrum of the DNP overlaps with the emission of
TBTh, while the absorption of DNP has almost no spectral
overlap with the emission of TTPTh and DBTh. On the other
hand, both TTPTh and TBTh emission and I, absorption have
spectral overlap, while DBTh emission and I, absorption have no
spectral overlap. It fully proves that fluorescent quenching of
TTPTh and DBTh by DNP belongs to the electron transfer
mechanism, while that of TBTh by DNP is part of the
photoinduced electron transfer mechanism. And it can also
prove that fluorescent quenching of DBTh and TBTh by I,
belongs to the electron transfer mechanism, whereas that of

6 | J. Name., 2012, 00, 1-3

TTPTh by I, is part of the photoinduced electron, transfer
mechanism.46:58-60 DOI: 10.1039/DONJ02912B

The chemical sensing phenomenon depends on the energy
levels of the lowest unoccupied molecular orbitals (LUMOs) of
the NACs, I, and these three CMPs (Fig. S14 and Table S5). The
calculated LUMO energy levels of DNP (-3.320 eV) and I, (-4.988
eV) are far lower than that of TTPTh (-1.726 eV), DBTh (-1.255
eV), and TBTh (-2.063 eV), thus providing a powerful driving
force for photoinduced electron transfer.50-55

From Fig. 5d and Fig. S12d, these curves are bent upward,
indicating that there is both a static quenching process and a
dynamic quenching process.>6:61.62

2.2.4. Fluorescence stability experiment

Taking DBTh as an example, the fluorescence stability of the
CMPs was investigated. DBTh solid powder was baked in the air
at 50°C, 100°C, 150°C, and 200°C for 30 min, respectively, after
cooled to room temperature and then dispersed in DMF (1.0 mg
mL1). Until 100°C DBTh is still very stable and the fluorescence
spectrum is almost unchanged. As the temperature increases
further, the fluorescence emission peak gradually decreased
without red-shift (Fig. $15).37:63.64

2.2.5. Practical application of DBTh sensor to sand sample

To further investigate the practical application of the three
CMPs as chemosensors for DNP and I, we take DBTh as an
example to carry out the experimental study. DNP (0.125 or
0.250 pmol), 5.0 g of naturally dried sand samples, and 0.125 g
of water (2.5 wt% by weight of sand) were mixed. The mixture
was extracted with DMF, ultrasound for 30 min, centrifuged for
10 min at 10,000 rpm, and the volume was fixed with a 25 mL
volumetric flask.®> The 25 mg of DBTh was added into the
volumetric flask. Then the dispersions were determined with
fluorescence spectra. It was found that DNP were 0.122 and
0.246 umol for each 5 g sand, whose spiked recoveries were 97.6%
and 98.4% of the amount added, relative standard deviations
(RSD) were +4.28% and +3.85%, respectively (Fig. S16, Table
S6). As in the experiments of sensing to DNP, it was found that
when 0.025 and 0.05 pmol of iodine were added for each 5 g
sand, whose spiked recoveries were 93.6% and 93.5% of the
amount added, RSDs were #3.94% and +3.53%, respectively (Fig.
S17, Table S7). Therefore, the DBTh as a chemosensor can
effectively detect the contents of DNP and I; in sand.37:6

3. Conclusion

The thiophene-based conjugated microporous polymers are
important conjugated microporous polymers, but they are rarely
used in fluorescence sensing and are low sensitive. In this study,
the three thiophene-based CMPs with different volume of
building blocks and degree of cross-linking were devised and
prepared. The effects of molecular structures of the three CMPs
on the fluorescence sensing properties to NACs and iodine were
studied. As a result, the conjugation of the CMPs plays an

This journal is © The Royal Society of Chemistry 20xx
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1

2

3 essential role in determining fluorescence sensing properties.
4 Because of excellent conjugated properties arising from a low
5 volume of building blocks and low degree of cross-linking, DBTh
6 has high fluorescence sensing sensitivity to DNP and iodine with
7 K, of 5.76x10* and 4.52x10* L mol! and with LODs of 1.56x10"
8 10and 3.32x10"12 mol L'%.
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