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. Aseries of conjugated microporous polymers containing thiophene-moieties (SCMP-COOH@1-3)

. was obtained by a homo-coupling polymerization reaction. Then the SCMP-COOH@1-3 were directly

: pyrolyzed without any templates to synthesize the porous carbon networks, named as SCMP-600@1,
2 and 3. SCMP-600@1-3 possess moderate BET surface area of 362-642 m2g~2, have a permanent
porous structure and plenty of sulfur and oxygen units in the skeletons as effective sorption sites, and
display a high absorption performance for iodine vapour with an uptake up to 204 wt.%. In addition,
SCMP-COOH@1-3 polymers can be used to effectively detect mercury ion from ethanol-water solution.
Interestingly, under the same concentration of Hg>* conditions, the detection ability of mercury ion of
porous materials increased with the increase of the pore volumes and the specific surface.

. Conjugated microporous polymers (CMPs) as a sub-class of porous organic polymers, which are usually syn-
. thesized by metal-catalysed cross-coupling polymerization to form 3D networks with extended w-conjugation
. and permanent porosity'~*. In the past few years, CMPs have attracted extensive attention in a variety of poten-
: tial applications not only due to their finely tuned porosity and larger surface areas, but also they combine the
extended m-conjugation skeleton and high thermal and chemical stability, such as gas storage and separation®~/,
catalysis®~1°, light harvesting!!-1%, drug delivery'*-!¢, supercapacitors'’-'%, and iodine capture?*-?*, and so on. '*1
is an important radioisotope in nuclear waste, which is particularly long-lived (half-life of 1.57 million years) and
remains radioactive after a few thousand years, therefore, the exploration of adsorption for iodine capture is on
the rise. CMPs have exhibited high efficient iodine capacities in reported research studies. For example, Li’s and
Ben’s group also demonstrated that increase the surface areas of CMPs benefited to enhance the iodine uptakes*.
Zhu’s group reported a series of charged porous aromatic polymers (PAF-23-25) with three different high affin-
© ity binding sites and capacity for iodine adsorption, which capture the iodine uptake value vary from 260-276
. wt.%*. Faul’s group developed a series of amine functionalized CMPs with extremely high iodine affinity with
. uptake capacities as high as 336 wt.%?°. Han’s group demonstrated that the CMP containing T electron enriched
. porphyrin and phthalocyanine exhibited high affinity to iodine, which displays excellent adsorption of iodine
© vapor up to 290 wt.%?”. These reports imply that CMPs can be used as a novel class of materials for effective
. trapping of iodine.
Particularly, previous studies suggest that porous polymers containing such electron-rich heterocyclic have a
© positive impact on their iodine uptake because lone pair electrons of hetero-atoms can enhance the interaction
© between the adsorbents and adsorbates?>**-3!. Therefore, introduction of some polar groups such as nitrogen or
. sulfur atoms into porous polymers could enhance the binding affinity between iodine and the adsorbent. For
example, Li’s group synthesized a series of thiophene-beard porous organic polymer, with the highest uptake
capacity up to 345 wt.%?'. With these considerations in mind, in this paper, three thiophene-based porous mate-
rials (SCMP-600@1, SCMP-600@2, SCMP-600@3) were prepared using 2,5-dibromothiophene-3-carboxylic acid
(DTCA) as a building block by the direct pyrolysis of a novel high-surface-area conjugated microporous polymers
(SCMP-COOH®@1-3) (Fig. 1), yielded thiophene-enriched porous carbons with incorporation of oxygen and
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Figure 1. Synthetic routs of thiophene-based polymers.

sulfur nanoparticles. The polymers SCMP-COOH@1-3 were previously reported by our group for capture car-
bon dioxide (Polym. Chem. 7, 4599-4602 (2016))*2. In this work, we have adjusted the reaction conditions of the
synthesis of the polymers SCMP-COOH@1-3. Interestingly, there are great differents about the morphology of
the polymers SCMP-COOH®@1-3 between the two reports. The results indicated that reaction condition (solvent)
plays an important role on the morphology of the polymers in the polycondensation. We have explored the detec-
tion ability of heavy metal ions for SCMP-COOH®1-3, and pore property (such as BET surface area, pore vol-
ume, pore size et al.) how to affect the detection ability. Furthermore, by the direct pyrolysis of high-surface-area
conjugated microporous polymers SCMP-COOH®@1-3, we prepared thiophene-enriched porous carbons SCMP-
600@1-3 with incorporation of oxygen and sulfur nanoparticles, and the SCMP-600@1-3 display a high absorp-
tion performance for iodine vapour.

Results and Discussion

The SCMP-COOH®1-3 polymers were prepared by taking advantage of palladium(0)-catalyzed cross-coupling
polycondensation of 2,5-dibromothiophene-3-carboxylic acid (DTCA) and a number of benzene ethynyl mono-
mers. It is different from the first report, we have utilized the 1,4-dioxane instead of DMF as a solvent. We carried
out all these reactions at a fixed reaction temperature (120 °C) and reaction time (48 h).

The Fourier transform infrared (FT-IR) spectrum of SCMP-COOH@1-3 revealed the presence of a charac-
teristic O-H vibration band at 3420 cm ™! and a strong C=0 at about 1707 cm™}, assignable to the carboxylic acid
of thiophene moities. The vibration band of the C-Br bond at 508 cm™! for the monomer is strongly diminished
after polymerization (ESI, Fig. S1). This result suggests that thiophene units with carboxylic acid are covalently
integrated into the porous frameworks of SCMP-COOH@1-3. The polymers showed the presence of C=C func-
tionalities at 2196 cm ™, attributable to terminal alkyne groups of acetylene benzene monomers (ESI, Fig. S1). The
presence of phenylene linkages (120.3-163 ppm) and ethynylene bonds (82-100 ppm) are further confirmed by
the solid-state '*C NMR spectrum (ESI, Fig. $2). The elemental analysis showed that the observed contents of C/H
were close to the calculated value, which calculated in an ideal network with a high degree of polycondensation.
It is reasonable that there are slight variations between the stoichiometry from the elemental analysis and the
theoretical values®**. These results demonstrated the successful fabrication of the inherently porous frameworks
with a built-in carboxylic acid of thiophene unit. The amorphous nature of SCMP-COOH@1-3 was testified by
powder X-ray diffraction (PXRD, ESI, Fig. $3). The thermogravimetric analysis (TGA) of SCMP-COOH@1-3
under N, (ESI, Fig. S4) showed that these materials were stable to 340 °C and yield >55wt.% porous carbons
when heated to 600 °C. The morphologies of SCMP-COOH®@1-3 were investigated by Scanning electron micros-
copy (SEM). SEM of SCMP-COOH@!1 displayed spherical (Fig. 2(a)), while SCMP-COOH®2 and 3 displayed
tubular morphologies with several micrometers in width and up to tens of micrometers in length (Fig. 2(a-c)).
Previously our group have reported the polymers SCMP-COOH®@1-3 with powder morphology, which was sim-
ilar to that reported for other CMP networks for capture carbon dioxide®”. Interestingly, there are great differents
about the morphology of the polymers SCMP-COOH®@1-3 between the two reports. The results indicated that
reaction condition (solvent) plays an important role on the morphology of the polymers in the polycondensa-
tion. SCMP-COOH®@1-3 possess amorphous architecture analyzed by transmission electron microscopy (TEM)
(ESI, Fig. S11(a—c)). Nitrogen sorption analysis of SCMP-COOH@1-3 gave evidence for a moderate Brunauer—
Emmett-Teller(BET) surface area of about 724, 901, and 1042 m?g~! for SCMP-COOH@1, SCMP-COOH@2 and
SCMP-COOH®3, respectively (ESI, Fig. S5). Well-defined nanopores of SCMP-COOH®@1 and SCMP-COOH®@2
with a size of about 1.0 nm, while the pore size of SCMP-COOH@3 centered at about 2.0 nm. The pore vol-
umes of SCMP-COOH@1, 2, 3 are about 1.06, 1.27 and 1.48 cm®g !, respectively (ESI, Table S1). These results
implied that different geometries of the monomer can be envisaged to tune the porous characteristics of the
porous materials.

Detection of heavy metalions. Water is the source of life and one of the most precious natural resources.
However, with the rapid development of industry in the world, water containing heavy metal ions has become
a global environmental problem because of their toxicity and biological accumulation®*". Heavy metal waste-
water is considered to be one of the most serious industrial wastes that are harmful to the environment and
human health. Therefore, it is a quite important issue to detect and remove heavy metal ions from water before
they are discharged into the environment. In this work, the SCMP-COOH@1-3 was found to be capable of effi-
ciently detection of heavy metal ions such as Hg*" ions (Fig. 3). When the SCMP-COOH®@1-3 were treated in the
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Figure 2. FE-SEM images of SCMP-COOH@1. (a) SCMP-COOH@2 (b) and SCMP-COOH@3 (¢) SCMP-
600@1 (d) SCMP-600@2 (e) and SCMP-600@3 (f) (scale bar 100 nm), respectively.

ethanol-water (v:v=1:9) solutions of corresponding metal salts with different concentrations, which can signif-
icantly quenched the fluorescence of the three polymers. Hg*" can quench the fluorescence degree of the three
CMPS up to about 99%. Compared with Hg?* ions, the SCMP-COOH@1-3 exhibited low sensitivity and torpid
response to other metal ions, such as K*, Ca?*, Agt, Mg?", Zn?*, Co*", Cd*, Mn**, La*t, and Pb**. These results
clearly indicated that the SCMP-COOH@1-3 are responsive to Hg?" ions (Fig. 3). The fluorescence quenching
may be attributed to energy and electron transfer which was from CMPs to the metal complexes formed by
the interaction between the frameworks of polymers and transition metal ions****. Besides, the metal ions may
induce the aggregation of the polymer chains, giving rise to the fluorescence attenuation®®*’. The high selectivity
for Hg?" is probably ascribed to several integrated factors, for instance, the suitable open pore size of the frame-
works, the suitable radius, the soft Lewis acidic and oxygen-abominating character of the Hg?* ion*"**. Especially,
sulfur groups are the privileged ionophoric receptor for Hg?", resulting from the distinct ®-donor character, spe-
cific affinity, low-lying empty 3d orbitals of sulfur atoms**=*°. The specific characteristics of Hg*" could effectively
enhance the affinity, for example, the suitable radius, the soft Lewis acidic and oxygen-abominating character.
In addition, the distinct m-donor character and specific affinity of sulfur atoms could result in the better affinity
of sulfur atoms for Hg?". Especially, sulfur low-lying empty 3d orbitals can strongly interact with the Hg*". The
densely populated yet fully accessible and flexible sulfur atoms in conjunction with their remarkable affinity for
Hg?* are responsible for the impressive results. However, the SCMP-COOH@1-3 materials exhibited low sensi-
tivity and torpid response to other metal jons. This is maybe these metal ions except Hg2" have no or little special
affinity with sulfur groups of the microporous materials. The change of fluorescence spectra maybe be caused by
the interaction between the metal ions and the SCMP-COOH®@1-3 microporous materials.

In this case, in order to investigate the pore property how to affect the detection ability of heavy metal of
porous polymers, a series of SCMP-COOH@3 containing different surface areas and pore volumes was syn-
thesized, named as SCMP-COOH@3-2h, SCMP-COOH®@3-10h, and SCMP-COOH®@3-36h, respectively.
The BET surface areas of SCMP-COOH@3-2h, SCMP-COOH@3-10h, and SCMP-COOH®@3-36h are 375,
603, and 914 m*g ™!, respectively (ESI, Fig. $6). The pore volumes are 0.36. 0.79, and 1.29 cm?/g, respectively.
The pore size distribution was decreased with the reaction time prolonged. We found that the pore porosity of
SCMP-COOH@3-36h is similar to that of the sample of 48 h (SCMP-COOH@3). These results implied that tun-
ing the pore porosity of the polymers could be accomplished by using reaction of different times, which are similar
to those of the previous other CMP systems. More interestingly, under the same concentration of Hg?" condi-
tions, the fluorescence quenching degree of the polymer increased with the increase of the pore volumes and the
specific surface (ESI, Fig. S7). For example, when the concentration of mercury ions is 10~® M, the fluorescence
quenching rates of SCMP-COOH@3-2h, SCMP-COOH@3-10h, and SCMP-COOH@3-36h are 6.38%, 10.3%,
and 20.4%, respectively. Increasing the concentration of mercury ions to 107°M, the fluorescence quenching
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Figure 3. Degree of fluorescence quenching of the SCMP-COOH in ethanol-water solutions of different metal
ions (1072M). (a) SCMP-COOH@1, (b) SCMP-COOH@2, and (¢) SCMP-COOH@3. (d) Quench percentage of
SCMP-COOH@1-3.

rates of SCMP-COOH@3-2h, SCMP-COOH@3-10h, and SCMP-COOH@3-36h are 36.5%, 45.2%, and 58.1%,
respectively. Remarkably, as the concentration of Hg*" increased from 107> and 107>M, over 94% of the fluores-
cence for all the polymers was quenched. The high fluorescence quenching rates for Hg?* in SCMP-COOH might
be reasonably related to the unique high concentration of sulfur groups in the sample, which is very helpful for
the coordination between the sulfurs and these heavy metal ions in the framework of the porous polymers*”4.
The result also suggested that the detection ability of heavy metal of porous materials relating the surface areas,
pore volume and pore size, as subtle variations of these parameters can lead to different properties and in turn to
porous materials with different characteristics. On the other hand, in order to investigate the anti-interference
ability of SCMP-COOH toward Hg?", four systems containing two equal concentrations (10~2M) of each metal
ion (1: K* and Mg?*, ESI, Fig. S8a; 2: Mg?* and Ca**, ESI, Fig. S8b; 3: K™ and Mn**, ESI, Fig. S8¢; 4: Cd** and
Ca?*, ESI, Fig. S8d) and subsequent addition of Hg*" (107> M) have been evaluated. The emission spectra of
SCMP-COOH@3-36h dispersed in ethanol-water solutions containing different two kinds of metal ions and Hg?*
have been monitored. Interestingly, the effective fluorescence quenching could occur upon adding 10—*M Hg**
into the parallel tests. These results indicated that SCMP-COOH®@3 possess outstanding anti-interference ability,
sensitivity and selectivity in the detection of Hg*" even in the complicated system.

The as synthesized SCMP-COOH@1-3 networks possess a rigid conjugated backbone with a
three-dimensional cross-linked architecture, such polymer precursors were subjected to template-free pyroly-
sis for the fabrication of heteroatom-nanoparticle-integrated sulfer enriched porous carbons. These precursors,
SCMP-COOH@1-3, were pyrolysed in quartz tubes under an argon atmosphere at 600 °C for 2 h, yielded sulfer,
oxygen doped porous carbon materials (SCMP-600@1-3). Simultaneously, PXRD was carried out to investigate
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Figure 4. (a) Nitrogen sorption curves of SCMP-600@1-3 (filled circles: adsorption, open circles: desorption,
STP = standard temperature pressure) and (b) pore size distribution of SCMP-600@1-3.

the crystallinity of SCMP-600@1-3 samples. The wide-angle PXRD profiles of SCMP-600@1-3 exhibit the similar
shapes without any sharp signals, indicating that they are amorphous random frameworks (ESI, Fig. S9). The
presence of carbon, oxygen and sulfer in SCMP-600@1-3 is revealed by X-ray photoelectron spectroscopy (XPS)
analysis. Both survey scan and narrow scan (S2p, Ols, Cls) were performed (ESI, Fig. S10). After pyrolysis, Cls,
Ols, and S2p peaks of all samples were obviously observed in the XPS spectra (ESI, Fig. S10). The presence of
oxygen and sulfer can be ascribed to thiophene unit containing carboxylic acid. scanning electron microscope
(SEM) images showed irregular lumps morphologies with a length of up to tens of micrometers as well as a width
ranging from hundreds of nanometers to micrometers (Fig. 2(d-f)). Transmission electron microscopy (TEM)
analyses show an amorphous architeture of SCMP-600@1 3 (ESI, Fig. S11(d-f)) materials. In order to charac-
terize the porosity parameters of pyrolysis of SCMP-600@1-3, the nitrogen sorption isotherms were measured
at 77 K. Nitrogen sorption analysis (Fig. 4a) gave a specific surface area for SCMP-600@1 of 362m?g~!, SCMP-
600@2 of 512 m? g, and SCMP-600@3 of 642 m? g, which are lower than those of original porous polymers
SCMP-COOH®@1-3 (724-1042m?g™") (ESL, Table S1). The average pore size of SCMP-600@1, SCMP-600@2,
and SCMP-600@3, were 0.65, 0.89, and 1.27 nm, respectively (Fig. 4b). Compare to SCMP-COOH®@1-3, the
pore distribution of the polymer after pyrolysis is narrower. The loss in surface area and the change in pore
size distribution for pyrolysis of SCMP-COOH samples can be attributed to the structural collapse and rear-
rangement of SCMP-COOH frameworks during the thermal carbonization process. However, compare with
SCMP-COOH@1-3, the sulfer and oxygen content of SCMP-600@1-3 decreased substantially, while the carbon
content remained almost the same, at about 64% for all the samples.

lodine capture. More recently, as for capture and storage of volatile iodine radioiodine ('*’I and '*'I) has
been identified as one of the most dangerous species in terms of radiological effects on health and environment in
case of accidental release, adsorption by using porous organic materials is considered to be an effective method.
Taking advantages of excellent porous characters, remarkable high thermal stability and a large of heteroatoms
in the skeleton, the resultant SCMP-600@1-3 samples should be ideal iodine absorbents which can be expected
to use under harsh conditions. To our joy, we found SCMP-600@1-3 networks have highly effect on capture
capacity of iodine. The samples of SCMP-600@1-3 powder (30 mg) were placed in a sealed vessel in the pres-
ence of excess iodine at 350 K and under atmospheric conditions. These conditions are typical fuel reprocessing
requirements according to previous studies. The capture performance of iodine vapor was evaluated by directly
weighing of the samples before and during adsorption. The adsorption capacity of iodine was calculated on the
basis of the sorption curves of the samples (wt.%) plotted as a function of time (Fig. 5a). During the iodine
uptake, gravity measurements were performed at different time intervals, and the results showed that the mass
of SCMP-600@1-3 samples increased significantly with prolonged exposure time. From the curve, as exempli-
fied by SCMP-600@1, there is a steep increase of iodine uptake capacity in the initial 10h, while no significant
weight gain of the sample was observed after 24 h, indicating that the system was basically saturated. Similar
phenomenon were found for SCMP-600@2 and SCMP-600@3 (Fig. 5a). The saturated iodine loading is 148,
167, and 204 wt.% for SCMP-600@1, SCMP-600@2, and SCMP-600@3, respectively, which are comparable to
most of the reported porous solid adsorbents for iodine capacity including zeolites, MOFs, and POPs, such as
Ag-MOR (18 wt.%)*, ZIF-8 (120 wt.%)>°, HCMP-3 (336 wt.%)%, PAF-25 (260 wt.%)?> and AzoPPN (290 wt.%)?".
X-ray photoelectron spectroscopy (XPS) of the ,@SCMP-600@1-3 indicated that the valence of the encapsulated
iodine species is zero, which confirmed that the included iodine species exists as I,, suggesting a physical-sorption
process (Fig. 5b). Particularly, the recovered polymer was washed with ethanol to remove the adsorbed iodine,
dried in vacuum, and reused in the next round of adsorption. The SCMP-600@1-3 can be efficiently recycled and
reused for 5 cycles. Meanwhile, there is no significant iodine adsorption loss during the process of the cycle (ESI,
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Figure 5. (a) Gravimetric iodine adsorption at a certain interval of time at 350 K. (b) XPS spectra of SCMP-
600@1-3 after iodine capture.

Fig. S12). Previous studies have proven that the desired solid porous absorbent with high BET surface area, large
pore volume and high affinity to iodine molecules would enhance the iodine uptakes of porous absorbents. It’s
well-known that the capture of iodine is a trapping and physical deposition of volatile iodine into the framework
of porous materials. In this case, the designed SCMP-600@3 with higher surface area and larger pore volume,
which shows the highest iodine uptake as expected. These results indicated that ©-n conjugated structures, high
specific surface area and electron-rich building units of porous absorbents will lead to an increase in iodine cap-
ture, which is a comprehensive effect.

Conclusions

In summary, a series of thiophene-based CMPs and porous carbon materials have been successfully developed
using a building block with ligating O- and S-functionality as starting monomers. Among, SCMP-600@3 exhib-
ited the highest iodine capture in vapour, which is comparable to those of some porous polymers, such as PAF,
CMPs, and MOFs. More importantly, SCMP-600@1-3 can be recycled 5 times without obvious loss of the adsorp-
tion ability, indicating that SCMP-600@1-3 is a kind of recyclable solid absorbent. Besides, SCMP-COOH®@1-3
display outstanding performances for the detection of heavy ions such as Hg>*. And, Hg*" ions have superb
anti-interference ability, sensitivity and selectivity in the detection of Hg?" even in the complicated system,
which is potentially important for industrial applications in water treatments. These results suggested that
thiophene-based porous materials provide a good opportunity to be applied in industrial applications in the
future.

Methods

Synthesis of SCMP-COOH@1. 60mg (0.4 mmol) of 1,3,5-triethynylbenzene and 174 mg (0.6 mmol) of
2.5-dibromothio-3-carboxylic acid are placed in a 50 mL two-necked round bottom flask and the flask is under
vacuum/N, Exchange 3 times under conditions. Each flask was then further individually charged with 1,4-diox-
ane (2mL) and triethylamine (2mL, Et;N) and the flask was further degassed by cycling multiple freeze-thaw
steps. After heating to the reaction temperature, 27.7 mg (0.024 mmol) of tetrakis(triphenylphosphine)palla-
dium(0) dissolved in 1,4-dioxane (1 mL) was dissolved in Et;N (1 mL). 5.7 mg (0.032 mmol) of copper(I) iodide
was pumped into the flask and the reaction temperature was controlled to continue stirring at 120°C for 48 h
under nitrogen protection. The solid product was obtained by filtration, and the reaction solvent was washed
successively with THE, methanol, acetone and water several times. The polymer was further subjected to Soxhlet
extraction with methanol and THE, respectively, for 24 h to give SCMP-COOH@1 (91.5% yield) as a yellow solid.
Elemental Analysis (%) Calculated Value. (Actual value of an infinite two-dimensional polymer) C 61.70, H 1.73.
Found: C 60.58, H 2.06.

Synthesis of SCMP-COOH®@2. 150mg (0.50 mmol) of 2.5-dibromothio-3-carboxylic acid and 98.3 mg,
(0.26 mmol) of 1,1,2,2-tetrakis(4-ethynylphenyl)ethane are placed in a 50 mL double-necked circle In the bot-
tom flask, the flask was exchanged three times under vacuum/N, conditions. The flasks were then re-injected
into 1,4-dioxane (2mL) and Et;N (2mL), respectively, and the flask was further degassed by cycling multiple
freeze-thaw steps. After heating to the reaction temperature, 17.9 mg (0.015 mmol) of tetrakis(triphenylphos-
phine)palladium(0) dissolved in 1,4-dioxane (1 mL) was dissolved in Et;N (1 mL). 3.7 mg (0.02 mmol) of cop-
per(I) iodide was pumped into the flask and the reaction temperature was controlled to continue stirring at
120°C. for 48 h under nitrogen protection. The solid product was filtered, and the reaction solvent was thoroughly
washed with THE methanol, acetone, and water several times in that order. The polymer was further subjected to
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Soxhlet extraction with methanol and THE, respectively, for 24 h to obtain SCMP-COOH@2 as a yellow-brown
powder (95.8% yield). Elemental Analysis (%) C 69.81, H 2.60. Found: C 67.88, H 2.25.

Synthesis of SCMP-COOH@3. 125mg (0.43 mmol) of 2.5-dibromothio-3-carboxylic acid and 100 mg
(0.22mmol) of tetrakis(4-ethynylphenyl)methane are placed in a 50 mL two-necked round bottom flask and
the flask is under vacuum/N, Exchange 3 times under conditions. Each flask was then separately charged with
1,4-dioxane (2mL) and Et;N (2mL), and the flask was further degassed by cycling multiple freeze-thaw steps.
After heating to the reaction temperature, 19.9 mg (0.017 mmol) of tetrakis(triphenylphosphine)palladium(0)
dissolved in 1,4-dioxane (1 mL) was dissolved in Et;N (1 mL). 3.1 mg (0.017 mmol) of copper(I) iodide was driven
into the flask and the reaction temperature was kept under stirring at 120 °C for 48 h. The solid product was fil-
tered, and the reaction solvent was thoroughly washed with THE, methanol, acetone, and water several times in
that order. The polymer was further subjected to Soxhlet extraction with methanol and THE respectively, for 24h
to obtain SCMP COOH@3 as a yellow powder (92.5% yield). Elemental Analysis (%) C 69.42, H 2.64. Found: C
70.66, H 2.24.

Synthesis of SCMP-600@1-3: Template-free Pyrolysis of SCMP-COOH@®@1-3. Under nitrogen
protection, the pyrolysis of SCMP-COOH@1-3 was performed on a quartz tube in an electric furnace. The poly-
mer SCMP-COOH 1, 2 and 3 samples were heated from room temperature to 600 °C. at a heating rate of 3 °C/min
and then pyrolyzed at 600 °C for 2 h in 400 sccm argon, respectively. The pyrolysis reaction in argon at 600 °C is
denoted as SCMP-600@1, SCMP-600@2 and SCMP-600@3, respectively.

References

1. Qiao, S. L. et al. Dendrimer-like conjugated microporous polymers. Polym. Chem. 7, 1281-1288 (2016).

2. Lee, J. S. M. et al. Porosity-engineered carbons for supercapacitive energy storage using conjugated microporous polymer precursors.
J. Mater. Chem. A 4, 7665-7673 (2016).

3. Lim, A. C,, Jadhav, H. S. & Seo, J. G. Electron transport shuttle mechanism via an Fe-N-C bond derived from a conjugated
microporous polymer for a supercapacitor. Dalton Trans. 47, 852-858 (2018).

4. Bonillo, B., Sprick, R. S. & Cooper, A. I. Tuning photophysical properties in conjugated microporous polymers by comonomer
doping strategies. Chem. Mater. 28, 3469-3480 (2016).

5. Liao, Y. Z., Cheng, Z. H., Trunk, M. & Thomas, A. Targeted control over the porosities and functionalities of conjugated microporous
polycarbazole networks for CO,-selective capture and H, storage. Polym. Chem. 8, 7240-7247 (2017).

6. Wang, Z. Q. et al. Fabrication of conjugated microporous polytriazine nanotubes and nanospheres for highly selective CO, capture.
Chem. Commun. 53, 4128-4131 (2017).

7. Rabbani, M. G. & El-Kaderi, H. M. Synthesis and characterization of porous benzimidazole-linked polymers and their performance
in small gas storage and selective uptake. Chem. Mater. 24, 1511-1517 (2012).

8. Zhou, Y. B. & Zhan, Z. P. Conjugated Microporous Polymers for Heterogeneous Catalysis. Chem. Asian J. 1, 9-19 (2018).

9. Broicher, C., Foit, S. R., Rose, M., Hausoul, P. ]. C. & Palkovits, R. A bipyridine-based conjugated microporous polymer for the Ir-
catalyzed dehydrogenation of formic acid. ACS Catal. 7, 8413-8419 (2017).

10. Zhang, Y. G. & Riduana, S. N. Functional porous organic polymers for heterogeneous catalysis. Chem. Soc. Rev. 41, 2083-2094
(2012).

11. Rao, K. V,, Haldar, R, Maji, T. K. & Dynamig, S. J. G. Conjugated microporous polymers: visible light harvesting via guest-responsive
reversible swelling. Phys. Chem. Chem. Phys. 18, 156-163 (2016).

12. Zhang, P, Wu, K. Y., Guo, J. & Wang, C. C. From hyperbranched polymer to nanoscale CMP (NCMP): improved microscopic
porosity, enhanced light harvesting, and enabled solution processing into white-emitting Dye@ NCMP films. ACS Macro Lett. 3,
1139-1144 (2014).

13. Suresh, V. M., Bonakala, S., Roy, S., Balasubramanian, S. & Maji, T. K. Synthesis, characterization, and modeling of a functional
conjugated microporous polymer: CO, storage and light harvesting. J. Phys. Chem. C 118, 24369-24376 (2014).

14. Bai, L. Y. et al. Nanoscale covalent organic frameworks as smart carriers for drug delivery. Chem. Commun. 52, 4128-4131 (2016).

15. Fang, Q. R. et al. 3D porous crystalline polyimide covalent organic frameworks for drug delivery. J. Am. Chem. Soc. 137, 8352-8355
(2015).

16. Luo, Y. L., Liu, ], Liu, Y. E & Lyu, Y. N. Porphyrin-based covalent triazine frameworks: porosity, adsorption performance, and drug
delivery. Polym. Chem. 16, 2594-2600 (2017).

17. Li, X. C. et al. Redox-active triazatruxene-based conjugated microporous polymers for high-performance supercapacitors. Cherm.
Sci. 8,2959-2965 (2017).

18. Lia, Z. & Yang, Y. W. Creation and bioapplications of porous organic polymer materials. J. Mater. Chem B 5, 9278-9290 (2017).

19. Chai, S. Z. et al. The microwave-assisted solvothermal synthesis of a novel 3-ketoenamine-linked conjugated microporous polymer
for supercapacitors. RSC Adv. 6, 49425-49428 (2016).

20. Geng, T. M., Zhu, Z. M., Zhang, W. Y. & Wang, Y. A nitrogen-rich fluorescent conjugated microporous polymer with triazine and
triphenylamine units for high iodine capture and nitro aromatic compound detection. J. Mater. Chem. A 5,7612-7617 (2017).

21. Ren, E et al. Novel thiophene-bearing conjugated microporous polymer honeycomb-like porous spheres with ultrahigh iodine
uptake. Chem. Commun. 52, 9797-9800 (2016).

22. Sigen, A. et al. Highly efficient and reversible iodine capture using a metalloporphyrin-based conjugated microporous polymer.
Chem. Commun. 50, 8495-8498 (2014).

23. Chen, Y. F. et al. Synthesis of conjugated microporous polymer nanotubes with large surface areas as absorbents for iodine and CO,
uptake. J. Mater. Chem. A 3,87-91 (2015).

24. Sun, H. X. et al. Innovative nanoporous carbons with ultrahigh uptakes for capture and reversible storage of CO, and volatile iodine.
J. Hazard. Mater. 321,210-217 (2017).

25. Yan, Z.]., Yuan, Y, Tian, Y. Y., Zhang, D. M. & Zhu, G. S. Highly efficient enrichment of volatile iodine by charged porous aromatic
frameworks with three sorption sites. Angew. Chem. Int. Ed. 19, 12733-12737 (2015).

26. Liao, Y. Z., Weber, J., Mills, B. M., Ren, Z. H. & Faul, C. E. J. Highly efficient and reversible iodine capture in hexaphenylbenzene-
based conjugated microporous polymers. Macromolecules 49, 6322-6333 (2016).

27. Li, H.,, Ding, X. S. & Han, B. H. Porous azo-bridged porphyrin-phthalocyanine network with high iodine capture capability. Chem.
Eur. J. 22,11863-11868 (2016).

28. Pei, C. Y., Ben, T, Xu, S. X. & Qiu, S. L. Ultrahigh iodine adsorption in porous organic frameworks. J. Mater. Chem. A 2,7179-7187
(2014).

29. Lin, L. et al. A pharmaceutical hydrogen-bonded covalent organic polymer for enrichment of volatile iodine. RSC Adv. 7,
54407-54415 (2017).

SCIENTIFICREPORTS| (2018) 8:14071 | DOI:10.1038/s41598-018-32360-y 7



www.nature.com/scientificreports/

30. Qian, X. et al. Capture and reversible storage of volatile iodine by novel conjugated microporous polymers containing thiophene
units. ACS Appl. Mater. Interfaces 8,21063-21069 (2016).

31. Zhu, Y. L. et al. BODIPY-based conjugated porous polymers for highly efficient volatile iodine capture. J. Mater. Chem. A 5,
6622-6629 (2017).

32. Qin, L., Xu, G.]., Yao, C. & Xu, Y. H. Thiophene-based conjugated microporous polymers: preparation, porosity, exceptional carbon
dioxide absorption and selectivity. Polym. Chem. 7, 4599-4602 (2016).

33. Li, Y. et al. Growth of high-quality covalent organic framework nanosheets at the interface of two miscible organic solvents.
Nanoscale Horiz. 3,205-212 (2018).

34. Chandra, S. et al. Molecular Level Control of the Capacitance of Two-Dimensional Covalent Organic Frameworks: Role of
Hydrogen Bonding in Energy Storage Materials. Chem. Mater. 29, 2074-2080 (2017).

35. Cao, C. Y, Qu, J., Wei, E, Liu, H. & Song, W. G. Superb adsorption capacity and mechanism of flowerlike magnesium oxide
nanostructures for lead and cadmium ions. ACS Appl. Mater. Interfaces 4, 4283-4287 (2012).

36. Yu, X. L. et al. One-step synthesis of magnetic composites of cellulose@iron oxide nanoparticles for arsenic removal. . Mater. Chem.
A'1,959-965 (2013).

37. Wang, Y. et al. Functionalized metal-organic framework as a new platform for efficient and selective removal of cadmium(II) from
aqueous solution. J. Mater. Chem. A 3,15292-15298 (2015).

38. Xiang, L. et al. A Luminescent Hypercrosslinked Conjugated Microporous Polymer for Efficient Removal and Detection of Mercury
Ions. Macromol. Rapid Commun. 36, 1566-1571 (2015).

39. Wang, B. & Wasielewski, M. R. Design and Synthesis of Metal Ion-Recognition-Induced Conjugated Polymers: An Approach to
Metal Ion Sensory Materials. . Am. Chem. Soc. 119, 12-21 (1997).

40. Kim, I. B. & Bunz, U. H. Modulating the Sensory Response of a Conjugated Polymer by Proteins: An Agglutination Assay for
Mercury Ions in Water. J. Am. Chem. Soc. 128, 2818-2819 (2006).

41. Wu, P. et al. Cadmium-Based Metal—Organic Framework as a Highly Selective and Sensitive Ratiometric Luminescent Sensor for
Mercury(II). Inorg. Chem. 54, 11046-11048 (2015).

42. Wu, D. Y., Huang, W,, Duan, C. Y,, Lin, Z. H. & Meng, Q. J. Highly Sensitive Fluorescent Probe for Selective Detection of Hg*" in
DMF Aqueous Media. Inorg. Chem. 46, 1538-1540 (2007).

43. Awad, E. S., AbouZeid, K. M., El-Maaty, W. M. A., EI-Wakil, A. M. & El-Shall, M. S. Efficient Removal of Heavy Metals from Polluted
Water with High Selectivity for Mercury(II) by 2-Imino-4-thiobiuret-Partially Reduced Graphene Oxide (IT-PRGO). ACS Appl.
Mater. Interfaces 9, 34230-34242 (2017).

44. Xiong, C,, Jia, Q., Chen, X., Wang, G. & Yao, C. Optimization of polyacrylonitrile-2-aminothiazole resin synthesis, characterization,
and its adsorption performance and mechanism for removal of Hg(II) from aqueous solutions. Ind. Eng. Chem. Res. 52, 4978-4986
(2013).

45. Ding, S. Y. et al. A Thioether-Based Fluorescent Covalent Organic Framework for Selective Detection and Facile Removal of
Mercury(II). J. Am. Chem. Soc. 138, 3031-3037 (2016).

46. Sun, Q. et al. Postsynthetically Modified Covalent Organic Frameworks for Efficient and Effective Mercury Removal. J. Am. Chem.
Soc. 139, 2786-2793 (2017).

47. Kong, L. W. et al. Carboxylic acid functionalized ortho-linked oxacalix[2]benzene[2]pyrazine:synthesis, structure, hydrogen bond
and metal directed self-assembly. Dalton Trans. 41, 5625-5633 (2012).

48. Kulkarni, V. V., Golder, A. K. & Ghosh, P. K. Synthesis and characterization of carboxylic cation exchange bio-resin for heavy metal
remediation. J. Hazard. Mater. 341, 207-217 (2018).

49. Chapman, K. W,, Chupas, P. J. & Nenoff, T. M. Radioactive iodine capture in silver-containing mordenites through nanoscale silver
iodide formation. J. Am. Chem. Soc. 132, 8897-8899 (2010).

50. Sava, D. E, Garino, T. J. & Nenoff, T. M. Iodine confinement into metal-organic frameworks (MOFs): low-temperature sintering
glasses to form novel glass composite material (GCM) alternative waste forms. Ind. Eng. Chem. Res. 51, 614-620 (2012).

Acknowledgements

The financial support of the National Natural Science Foundation of China (Grants No. 21501065), Science and
Technology Program of Jilin Province (Grants No. 20160101319]C, 20180520159JH), and Changbai Mountain
Scholars Program (Grants No. 2013073) is acknowledged.

Author Contributions
Y. Xu put forward ideas, designed experiments and offered the fund. M. Liu, C. Yao and C. Liu carried out
experiments and analyzed the experimental data. Y. Xu and M. Liu wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32360-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14071 | DOI:10.1038/s41598-018-32360-y 8


http://dx.doi.org/10.1038/s41598-018-32360-y
http://creativecommons.org/licenses/by/4.0/

	Thiophene-based porous organic networks for volatile iodine capture and effectively detection of mercury ion

	Results and Discussion

	Detection of heavy metal ions. 
	Iodine capture. 

	Conclusions

	Methods

	Synthesis of SCMP-COOH@1. 
	Synthesis of SCMP-COOH@2. 
	Synthesis of SCMP-COOH@3. 
	Synthesis of SCMP-600@1-3: Template-free Pyrolysis of SCMP-COOH@1-3. 

	Acknowledgements

	Figure 1 Synthetic routs of thiophene-based polymers.
	Figure 2 FE-SEM images of SCMP-COOH@1.
	Figure 3 Degree of fluorescence quenching of the SCMP-COOH in ethanol-water solutions of different metal ions (10−2 M).
	Figure 4 (a) Nitrogen sorption curves of SCMP-600@1-3 (filled circles: adsorption, open circles: desorption, STP = standard temperature pressure) and (b) pore size distribution of SCMP-600@1-3.
	Figure 5 (a) Gravimetric iodine adsorption at a certain interval of time at 350 K.




