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Pillar[5]arenes-Based Supramolecular Organic Framework with 

Multi-Guests Detection and Recyclable Separation Properties 

Qi Lin*[a], Yan-Qing Fan[a], Peng-Peng Mao[a], Lu Liu[a], Juan Liu*[b], You-Ming Zhang[a], Hong Yao[a], 

Tai-Bao Wei*[a] 

Abstract: The selective detection and separation of target ions or 

molecules is an intriguing issue. Herein, a novel supramolecular 

organic framework (SOF-THBP) was constructed by bis-

thioacetylhydrazine functionalized pillar[5]arenes. The SOF-

THBP shows fluorescent response for Fe
3+

, Cr
3+

, Hg
2+

 and Cu
2+

. 

The xerogel of SOF-THBP shows excellent recyclable separation 

properties for these metal ions and the absorption rates were up to 

99.29%. More interestingly, by rationally introduced these metal ions 

into the SOF-THBP, a series of metal ions coordinated SOFs 

(MSOFs) such as MSOF-Fe, MSOF-Hg and MSOF-Cu were 

constructed. These metal ions coordinated MSOFs could selectively 

and sensitively sense F
-
, Br

-
, and L-Cys, respectively. The detection 

limits of these MSOFs for F
-
, Br

-
 and L-Cys were about 10

-8
 M. It’s a 

novel and efficient way to approach multi-guest responsive SOFs. 

Over the past decade, rationally design, synthesis and 

property developments of supramolecular organic frameworks 

(SOFs) 1 have attracted a lot of interests due to their versatile 

applications in many fields, including sensing,2 separation,3 gas 

adsorption and storage,4 drug delivery,5 biotechnology,6 

catalysis,7 and opto/electronic devices.8 The SOFs are 

assembled from the molecular building blocks by 

supramolecular interaction.9 Benefited on the dynamic and 

reversible nature of supramolecular interaction,10 SOFs show 

many merits such as easy to fabrication, various assemble 

models and versatile stimuli-response properties.11 Therefore, 

SOFs become one of the hottest research fields in materials 

science.12  

Moreover, pillar[n]arenes, firstly reported by Ogoshi in 2008,13 

have become a new class of supramolecular host and 

undergone a rapid development.14 In addition, pillar[n]arenes 

have various supramolecular assembly driving forces including 

C-H∙∙∙π, π∙∙∙π, cation∙∙∙π, hydrophobic/hydrophilic, etc.13 These 

properties not only afforded pillar[n]arenes outstanding abilities 

to selectively bind different kinds of guests,15 but also provided a 

novel platform for the construction of various interesting 

supramolecular systems13, 14, 16-20 as well as SOFs.9 However, 

the reporting on pillar[n]arenes based-SOFs is still very scarce.11 

 

Scheme 1. (a) The chemical structures of DPSH and DPHB; (b) cartoon 

representation for the formation of the SOF-THBP; (c) multi-guest-response 

properties of SOF-THBP and metal ions coordinated SOFs; (d) recyclable 

separation properties of SOF-THBP. 

In addition, ions and molecules play fundamental roles in 

chemical, biological, environmental fields,21 selective detection 
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of special ions/molecules and recyclable separation of toxic ions 

in environmental are very important.22 For example, fluoride ion 

plays important role in bone health, dental health 23 and has 

potential use for the treatment of osteoporosis.24, 25 However, 

excessive intake of fluoride can lead to acute gastric and kidney 

problems.26 In addition, heavy metal ions are widely used in 

industry, while, because of the high toxicity and bioaccumulation, 

heavy metal ions released into the environment can lead to a 

wide range of severe diseases 27. For instance, mercury can 

cause grisly immunotoxic, genotoxic, and neurotoxic effects, 

including damages to the central nervous system, endocrine 

system, kidney, and other organs.28 Moreover, amino acids play 

important role in human health 29, for example, L-Cysteine (L-

Cys) is one of the sulfhydryl containing small molecular amino 

acids that play crucial roles in many physiological and 

pathological processes.30 Therefore, developing efficient 

methods for selective detection or separation these important 

ions and molecules in environmental is essential.22 Although 

numerous molecular recognition and separation methods 

have been reported,24 the development of supramolecular 

materials for synchronous detection and separation target guest 

is still an intriguing challenge. 

In view of these and as part of our research interests in 

molecular recognition 25 and supramolecular functional 

materials,11, 17, 26 herein, we report a novel supramolecular 

organic framework (named SOF-THBP, Scheme 1) which was 

based on a host (DPSH)-guest (DPHB) system and constructed 

by a novel bis-thioacetylhydrazine functionalized 

pillar[5]arene (DPSH) and a bis-bromohexane functionalized 

pillar[5]arene (DPHB). Interestingly, the xerogel of SOF-THBP 

shows excellent recyclable separation properties for Hg2+, Cr3+, 

Cu2+ and Fe3+. More importantly, the SOF-THBP shows 

fluorescent response for Hg2+, Cr3+, Cu2+ and Fe3+ in gel states, 

by rationally introduced these metal ions into the SOF-THBP, 

the obtained metal ions coordinated SOFs (named MSOFs) 

could fluorescently sense F-, Br-, and L-Cys respectively with 

specific selectively and high sensitivity. 

The novel bis-thioacetylhydrazine functionalized pillar[5]arene 

derivative (DPSH) (Scheme 1a) has been synthesized by 

rationally connected a pillar[5]arene moiety and two 

thioacetylhydrazine groups (Scheme S1†). Interestingly, as 

shown in Scheme 1a, through the collaboration of the guest bis-

bromohexane functionalized pillar[5]arene (DPHB), the host 

DPSH and the guest DPHB could assemble into a novel 

supramolecular organic framework (SOF-THBP) in 

cyclohexanol solution. Interestingly, the SOF-THBP could form 

stable gel in cyclohexanol (Scheme 1b and Table S1†), the 

critical gelation concentration (CGC) is 47.5 mM while the gel-

sol transition temperature (Tgel) is 43~47 °C (Table S1†). 

The self-assembly mechanism of the SOF-THBP were 

carefully investigated (Scheme 1b) via fluorescence spectra, 1H 

NMR, IR, XRD and SEM. Firstly, in the fluorescence spectra, as 

shown in Fig. S11, the host DPSH shows fluorescence emission 

at 456 nm and the guest DPHB shows very weak fluorescence 

emission at 456 nm in cyclohexane solution. While, when the 

guest DPHB was added into the cyclohexane solution of host 

DPSH, the fluorescence emission at 456 nm of DPSH shows 

enhancement. Moreover, with the temperature of the DPSH and 

DPHB mixture hot solution dropping below the Tgel of SOF-

THBP, the fluorescence emission at 456 nm shown 

enhancement and red shift, which indicated that there is host-

guest interactions existing between DPSH and DPHB. 

Then, in the host-guest titration 1H NMR spectra (Fig. 1), with 

the addition of different equivalents DPHB to a solution of DPSH, 

the signals of H1 (3.70 ppm), H2 (1.76 ppm) and H3 (1.45 ppm) 

on DPHB show upfield shifts (shifted to 3.62 ppm, 1.57ppm, 

1.36 ppm), meanwhile, the Hb (6.78 ppm) and Hc (3.63 ppm) on 

DPSH shown downfield shifts (shifted to 6.84 ppm, 3.79 ppm). 

These results suggested that the alkyl chains of DPHB were 

threaded into the cavity of DPSH via C-H··· interactions31 

(Scheme 1b). At same time, in the concentration-dependent 1H 

NMR spectra of DPSH (Fig. S12†), with the increasing of the 

DPSH’ s concentration, the signals of Ha (3.63 ppm), Hb (6.78 

ppm) and Hd (10.08 ppm) on DPSH shown downfield shifts 

(shifted to 3.71 ppm, 6.81 ppm, 10.13 ppm). Meanwhile, in the 

corresponding IR spectra (Fig. S13†), the -C=O and -NH 

vibration absorption peaks of DPSH appeared at 1734 and 3460 

cm-1 respectively, however, in the mixture of DPSH and DPHB, 

the -C=O and -NH vibration absorption peaks shifted to 1668 

and 3406 cm-1, which indicated that Ha and Hd formed stable 

intermolecular hydrogen bonds with -C=O on adjacent molecule 

(Scheme 1b). Therefore, by the collaboration of above 

mentioned C-H··· and intermolecular hydrogen bond 

interactions, DPSH and DPHB assembled into the 2D network 

SOFs structure (Scheme 1b). 

 

Fig 1. Partial 
1
H NMR spectra of DPSH (9.510

-4
 mol/L) in DMSO-d6 with 

increasing amounts of DPHB, (a) Free DPSH; (b)-(f) DPSH with increasing 

amounts of DPHB; (g) Free DPHB . 

Moreover, in the small-angle XRD (Fig. S14†), the XRD 

patterns of free DPSH or DPHB show very few diffraction peaks, 

wich indicated that there is no long-range order in the free DPSH 

or DPHB. However, the XRD patterns of the SOF-THBP xerogel 

clearly show many typical diffraction peaks indicated the long-

range ordering of the assembled-molecules. The d-spacing of 

3.48 and 3.59 Å at 2θ=25.53 and 24.74° suggested that π-π 

stacking (Scheme 1b) exists in the 2D networks through the 

pillar[5]arene groups. Moreover, the d-spacing of 3.98Å at 

2θ=22.30° also supported the 3D layers structure (Scheme 1c) 

exists in the SOF-THBP. 
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The scanning electron microscope (SEM) also support above 

proposed assemble mechanism. In the SEM, the DPSH exists in 

amorphous powder (Fig. S15a†), while, upon the addition 1 

equiv. of the guest DPHB, the DPSH and the DPHB self-

assembled into massive structure (Fig. S15b†), on the other 

hand, it also testified that DPSH formed 3D SOF with DPHB by 

self-assembly and host-guest complexation. 

 

Table 1. Adsorption percentage of SOF-THBP for Fe
3+

, Cu
2+

, Cr
3+

 and Hg
2+

. 

Entry Ion 
Initial 

concentration (M) 
Residual 

concentration (M) 
Adsorption 

percentage % 

1 Hg
2+

 110
-5

 6.5910
-7

 93.41% 
2 Cu

2+
 110

-5
 3.0310

-7
 96.96% 

3 Fe
3+

 110
-5

 7.0610
-8

 99.29% 
4 Cr

3+
 110

-5
 4.0110

-7
 95.99% 

 

In order to evaluate the guests detection and separation 

properties of the SOF-THBP, at first, we carefully investigated 

the cations response properties by adding and diffusing various 

metal ions (Mg2+, Ca2+, Cr3+, Fe3+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, 

Hg2+, Pb2+, Ba2+, Al3+, La3+, Eu3+ and Tb3+) into SOF-THBP gels, 

respectively. Interestingly, as shown in Fig. S16, upon the 

addition of 1.0 equiv. of Fe3+, Cu2+, Cr3+, or Hg2+ into SOF-

THBP, the fluorescence emission of the SOF-THBP was 

quenched. The lowest fluorescent response concentration of 

Fe3+, Cr3+, Cu2+ and Hg2+ for the SOF-THBP were determined 

by fluorescent titrations and calculated on the basis of 3σ/m 

method 32 (Fig. S17†), which were distribute in the range of 

1.010-6 M to 1.010-7 M (Table S2†) and indicated the SOF-

THBP have high sensitivities for above mentioned cations. 

Then, the ingestion capacity of the SOF-THBP for Fe3+, Cu2+, 

Cr3+ and Hg2+ in water were assessed by inductively coupled 

plasma (ICP) analysis. Xerogel (0.1 mg, 510-8 mol) was 

suspended in a dilute aqueous solution of Fe3+, Hg2+, Cr3+, Cu2+ 

(all concentration is about 110-5 M in 5.0 mL) and stirred for 0.5 

h. Then, the suspension was centrifuged at 10000 r/min for 5 

min, the precipitate was removed by the way of filtration. Then, 

the absorbing rate percentage of the SOF-THBP for Fe3+, Cu2+, 

Cr3+ and Hg2+ in water were assessed by ICP analysis. As 

shown in Table 1, after the adsorption these cations via xerogel 

of the SOF-THBP in water, the residual concentrations of Fe3+, 

Cu2+, Cr3+ and Hg2+ were less than 6.5910-7 M~7.0610-8 M 

and the absorption rate of the SOF-THBP for these cations 

were up to 93.41%~99.29%. These results indicated that the 

SOF-THBP has excellent adsorption and removal capacities for 

Fe3+, Cr3+, Hg2+ and Cu2+ in water. Meanwhile the ingestion 

capacity of the free DPSH or DPHB for Fe3+, Cu2+, Cr3+ and Hg2+ 

in water were also investigated by ICP analysis. As shown in 

Table S4 and S5, the adsorption percentages of the free DPSH 

or DPHB for these metal ions were lower than the SOF-THBP. 

In addition, a comprehensive comparison of SOF-THBP with 

reported materials on adsorption percentage for Fe3+, Cu2+, Cr3+ 

and Hg2+ were listed in Table S6. The results shown that the 

SOF-THBP has strong adsorption ability for these cations. 

Furthermore, in order to investigate the recyclability of the 

SOF-THBP, after absorbing above cations, the SOF-THBP was 

extracted by using dichloromethane. Reuse of the recycled 

SOF-THBP showed almost no loss of activities in the capture of 

these cations (Scheme 1d). These features are of utmost 

importance for the practical applications of the SOF-THBP in 

the removal of Fe3+, Cu2+, Cr3+ and Hg2+ in water. 

 

Fig 2. Fluorescence spectra of supramolecular organic framework (in gelated 

state) (a) MSOF-Cu and MSOF-Cu + L-Cys; (b) MSOF-Fe and MSOF-Fe + F
-
; 

(c) The fluorescent titrations of MSOF-Cu for L-Cys; (d) The fluorescent 

titrations of MSOF-Fe for F
-
. 

Due to the SOF-THBP shown excellent response and binding 

properties for Fe3+, Cr3+, Cu2+ and Hg2+, we rationally introduced 

competitive coordination properties by adding these cations into 

SOF-THBP to prepare Fe3+, Cr3+, Cu2+ and Hg2+ coordinated 

SOFs (MSOFs) respectively and named as MSOF-Fe, MSOF-

Cu and so on correspondingly. Interestingly, by the competitive 

coordination interactions, the different metal ions coordinated 

SOFs (MSOFs) shown different guest response properties. 

Taking MSOF-Fe as an example, as shown in Scheme 1c (line 

1) and Fig.2, with the addition of water solutions of various 

anions (F-, Cl-, Br-, I-, AcO-, H2PO4
-, HSO4

-, N3
-, SCN-, S2-, ClO4

-, 

CN-, and OH-) into the MSOF-Fe, only F- could induce the 

MSOF-Fe emitting the bright blue fluorescence at 456 nm 

immediately. However, other anions could not induce similar 

response. Therefore, the MSOF-Fe could selectively detect F- in 

water. The detection limits of the MSOF-Fe for F- is 6.9310-8 M, 

which was also determined by fluorescent titrations and 

calculated on the basis of 3σ/m method 32 (Fig. 2b, S18† and 

Table S2†). Similar tests were applied to the other metal ions 

coordinated SOFs. As a result, the MSOF-Hg could selectively 

fluorescence “turn-on” sense Br- (Scheme 1c line 2; and Fig. 

S19† and S18†), and the detection limits of the MSOF-Hg for Br- 

is 4.7910-8 M (Fig. S18b† and Table S2†). Moreover, in order 

to investigate the selectivity of the MSOFs for these anions, as 

shown in Figure S20, the control experiments were carried out 

under the competition conditions. The coexist competition 

anions could not induce any interfere in the F- sensing process 

for MSOF-Fe or Br- sensing process for MSOF-Hg. 

Moreover, due to the special importance of amino acids in 

biological field, we also investigated the recognition profiles of 

metal ions coordinated SOFs toward various amino acids, 
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including L-Phe, L-Gln, L-Ile, L-Thr, L-Glu, L-Ala, L-Ser, L-Met, 

L-Val, L-Tyr, L-Ary, DL-Asp, L-Pro, L-His, L-Leu, L-Gly and L-

Cys (water solution, c = 0.1 M) via similar methods. As a result, 

the MSOF-Fe and MSOF-Cu could selectively sense L-Cys 

(Scheme 1c (line 3 and 4), Fig. 2a, S19a† and S18†) 

respectively. With the addition of water solutions of various 

amino acids into these SOFs, only L-Cys could induce MSOF-

Fe emitting a bright blue fluorescence at 453 nm (Fig.S19a†), 

similarly, as shown in the Scheme1c (line 4), L-Cys could also 

induce the MSOF-Cu emitting a orangered fluorescence at 574 

nm (Fig. 2a). The lowest detection limits of MSOF-Cu and 

MSOF-Fe for L-Cys is 6.0910-8 and 5.3810-8 respectively 

(Fig. 2c, S18c† and Table S2†). Moreover, in order to 

investigate the selectivity of the MSOFs for these amino acids, 

as shown in Figure S21, the control experiments were carried 

out under the competition conditions. The coexist competition 

amino acids could not induce any interfere in the L-Cys sensing 

process for MSOF-Fe or L-Cys sensing process for MSOF-Cu. 

 

 

Fig 3. Partial 
1
H NMR spectra of SOF-THBP in DMSO-d6 with different 

equivalent Hg
2+

; (a) Free SOF gel; (b) 0.1 equiv.; (c) 0.3 equiv.; (d) 0.5 equiv.; 

(e) 1.0 equiv.; (f) 2.0 equiv. 

Then, the selective possible responsive mechanism of the 
SOFs was carefully investigated by 1H NMR titration and IR 
spectra. For instance, in the FT-IR of the SOF-THBP (Fig. 
S22†), the stretching vibration absorption of -C=O and -NH 
groups appeared at 1668 and 3406 cm-1, respectively. While, 
with the addition of Fe3+ into the SOF-THBP gel and the 
formation of Fe3+ coordinated MSOF-Fe, the -C=O and -NH 
absorptions shifted to 1676 and 3255 cm-1 respectively, which 
was attributed to the coordination of Fe3+ with -C=O and -NH 
groups in SOF-THBP (Fig. S23†). Because at every 
coordinated point the first thing happens is electron transfer, 
electron would transfer with coordination between SOF-THBP 
and Fe3+, which induced the fluorescence of SOF-THBP gel 
quenching. After the addition of L-Cys into MSOF-Fe, the 
stretching vibration absorptions of -C=O and -NH recovered to 
1667 and 3406 cm-1, respectively (Fig. S22†), which indicated 
that the L-Cys competitively binds with the Fe3+ and the 
hydrazide group of the SOF-THBP released again (Fig. S23†), 
simultaneously, the fluorescence recovered. Meanwhile, after 
the addition of F- into MSOF-Fe, the stretching vibration 
absorptions of -C=O and -NH recovered to 1667 and 3405 cm-1, 
respectively (Fig. S24†), which indicated that the F- competitively 
binds with the Fe3+ and the hydrazide group of the SOF-THBP 
released again (Fig. S25†), simultaneously, the fluorescence 
also recovered. 

Similarly, as shown in Figure S26; with the addition of Cr3+ into 

the SOF-THBP and the formation of Cr3+ coordinated MSOF-Cr, 
the -C=O and -NH stretching vibration absorptions shifted to 
1655 and 3426 cm-1 respectively, which was attributed to the 
coordination of Cr3+ with -C=O and -NH groups in SOF-THBP 
(Fig. S27†). The coordination procedure also induced the 
fluorescence of SOF-THBP gel quenching. 

Moreover, in the FT-IR of the SOF-THBP (Fig. S28†), the 
stretching vibration absorptions C-S-C groups appeared at 1043 
cm-1, with the addition of Cu2+ and the formation of Cu2+ 
coordinated MSOF-Cu, the C-S-C absorptions shifted to 1101 
cm-1, meanwhile, the stretching vibration absorption of -C=O and 
-NH groups shifted to 1738 and 3448 cm-1, respectively, which 
was attributed to the coordination of Cu2+ with -C=O, -NH and C-
S-C group in SOF-THBP (Fig. S29†). Similarly, the coordination 
induced the fluorescence of SOF-THBP gel quenching. After the 
addition of L-Cys into MSOF-Cu, the stretching vibration 
absorptions of -C=O, -NH and C-S-C shifted to 1669, 3429 and 
1088 cm-1, respectively (Fig. S28†), which indicated that the L-
Cys binds with the Cu2+ (Fig. S29†), at the same time, the 
MSOF-Cu showed a sudden orange fluorescence emission. 

Similarly, in the FT-IR of the SOF-THBP (Fig. S30†), with the 
addition of Hg2+ and the formation of Hg2+ coordinated MSOF-
Hg, the stretching vibration absorption of C-S-C and -NH groups 
shifted to 1049 cm-1 and 3406 cm-1, respectively, which was 
attributed to the coordination of Hg2+ with C-S-C and -NH groups 
in SOF-THBP (Fig. S31†). Similarly, the coordination induced 
the charge transfer and fluorescence of SOF-THBP gel 
quenching. After the addition of Br- into the MSOF-Hg, the 
stretching vibration absorptions of -NH and C-S-C shifted to 
3409 and 1094 cm-1, respectively (Fig. S30†). This result 
indicated that the Br- binds with the Hg2+ (Fig. S31†), at the 
same time, and the MSOF-Hg showed a red fluorescence 
emission. 

Moreover, the titration 1H NMR spectrum of Hg2+ for SOF-
THBP also supported above mentioned proposed coordination 
mechanism. As shown in Fig. 3, upon the addition of different 
equivalent Hg2+ (1.0 mol/L) into a solution of SOF-THBP 
(1.910-2 M) in DMSO-d6, the signals of Ha (3.52 ppm), Hd (9.85 
ppm) He (2.91 ppm) and Hf (2.51 ppm) showed downfield shifts 
(shifted to 5.36 ppm, 11.10 ppm, 3.01 ppm, 2.58 ppm, 
respectively), which indicated that the Hg2+ complexed with 
SOF-THBP through the acylhydrazine group and thioether 
group on DPSH. The 1H NMR titration of Br- for MSOF-Hg was 
also carried out in DMSO-d6. With the addition of different 
equivalent Br- into a solution of MSOF-Hg (Fig. S32†), the 
signals of Ha (3.88 ppm), Hd (11.05 ppm), He (3.30 ppm), Hf 
(2.12 ppm) showed upfeld shifs (shifted to 3.41 ppm, 10.96 ppm, 
3.28 ppm, 1.92 ppm, respectively), which indicated that the Br- 
complexed with MSOF-Hg. 

In summary, a novel supramolecular organic framework (SOF-

THBP) was constructed by bis-thioacetylhydrazine 

functionalized pillar[5]arene. The SOF-THBP shows multi-

guests fluorescent response in gel states. Interestingly, the 

xerogel of SOF-THBP shows excellent recyclable separation 

properties for Fe3+, Cu2+, Cr3+ and Hg2+. More importantly, by 

rationally introduced these metal ions into the SOF-THBP, a 

series of metal ions coordinated SOFs (MSOFs) could be 

formed, which could selectively and sensitively sense F-, Br-, and 

L-Cys, respectively. It’s a novel and efficient way for the 

development of multi-functional SOFs materials for multi-guests 

detection and recyclable separation. 
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