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Abstract
Stationary sorbents play a key role in the separation process. We present here a kind of unique separative material, 
called thiophilic affinity MOFs, as specific sorbent for the capture of compounds containing disulfide-bond. The sorb-
ent was obtained through epoxide ring-opening reaction among MOF-5-NH2, tris(2,3-epoxypropyl) isocyanurate, and 
thiophilic reagents under mild reaction condition. The synthesized sorbent was characterized with X-ray diffraction, 
scanning electron microscope, transmission electron microscope, Fourier transform infrared, thermogravimetric analysis 
and N2 absorption. The capillary electrophoresis experiments verified their high specific recognization and separation 
for disulfide bond-containing compounds.
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1  Introduction

Metal organic frameworks (MOFs) were generated by the 
polymerization reaction of organic linker and inorganic 
metal clusters to form 3D porous materials [1, 2]. Com-
pared with other inorganic porous materials, MOFs have 
some unique characteristics, which make them have great 
potential for the separation. Firstly, fascinating surface 
areas can meet the requirement for normal stationary sor-
bents perfectly. Secondly, good thermal stability make it 
can be used in severe experiment condition; Thirdly multi-
farious organic linker make it have different functional sur-
face. [3–8]. However, the exploration of MOFs as efficient 
sorbents for the separation of liquid sample are relatively 
lagged behind. There are two main reasons: (1) some MOFs 
will lose its stability in polar solvent so that they only can 
use a single nonpolar or low polar solvent [9]; (2) specific 
liquid separation beyond the adsorption-based mecha-
nism is a challenge for long time [10, 11]. Therefore, it is 

urgent and imperative to develop a stable and effective 
MOFs based materials for the specific liquid separation.

The superamolecular metallopolymer and polymer-
MOF hybrid materials was proposed by Cohen et al. [12, 
13] Supermaolecular metallopolymer can formed ‘soft’ 
organic building block connecting by metal ions, when 
the organic polymer linker and metal ions is changed, and 
their physicochemical properties would change, too. The 
polymer-MOF hybrid materials integrate organic polymer 
into the MOF lattice because the polymers have necessary 
mulitopic ligands for MOF formation. It can exhibit proper-
ties of MOFs such as high porosity and crystallinty, as well 
as polymer properties such as high stability. The integrated 
properties of hybrid materials will expand application of 
MOF [14–18].

It is well-known that sulfone is attractive as affinity 
ligand for many applications, such as probe, self-assem-
bly and separation [19]. Sulfone can covalently react with 
disulfide bond to form esters in high concentration salt 
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solution and dissociate in low concentration. This asso-
ciation between thiophilic sorbents and disulfide bond-
containing compounds was discovered firstly by Porath 
et al. [20], and the thiophilic affinity chromatogrphy (TAC) 
method was found. Nowadays, extensive attention have 
been paid to thiophlic affinity adsorbents. Thamarapu 
et al. used thiophilic interaction chromatography to sepa-
rate transferrins in serum, which may provide a sample 
and efficient method to monitor levels of transferrins for 
monitoring the progress of Alzheimer’s disease [21]. What’s 
more, Elzbie displayed a thiophilic interaction (3S, T-gel) 
chromatography methodology to isolate various PSA 
molecular forms present in biological fluids [22]. High 
quality separation material should be charaterized by high 
stength and easy surface modification. However, the most 
existing thiophlic chrmatographic materials are based on 
soft substrate such as gel [23] or fiber [24]. They have poor 
mechanical strength and difficult to storage.

The MOFs materials synthesized by polymerization have 
high mechanical strength and high stability. In this article, 
a novel unique thiophilic affinity MOFs were designed and 
synthesized based on copolymerization reaction among 
the MOF-5-NH2 derivatives, tris(2,3-epoxypropyl) isocya-
nurate (TEPIC) and sulfamide (SFA). The MOF-5-NH2 can 
assemble with TEPIC and SFA spontaneously in solution. 
The prepared polymer-MOF hybrid thiophilic affinity mate-
rial were competent to specifically recognize and enrich 
the disulfide bond-containing compounds.

2 � Experimental section

2.1 � Materials

The thiophilic regents sulfamide (SFA) was purchased from 
Aladdin and its chemical structure were shown in Fig. 1. 
Zn(NO3)2·6H2O, and tris(2,3-epoxypropyl) isocyanurate 
(TEPIC) also were purchased from Aladdin (Shanghai, 
China). 2-aminoterephthalic acid was purchased from Ark 
Pharm (Shanghai, China). N,N-dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), acetonitrile (ACN), methanol 
and ethanol were obtained from Sinopharm Chemical 
Reagent (Shanghai, China). Bis(4-hydroxyphenyl) disulfide 
(2S-OH) and 4,4′-(dihydroxyphenyl) methane (2-OH) were 
purchased separately from TCI (Shanghai, China) and Alad-
din (Shanghai, China).

All chemicals and reagents were at least of analytical 
grade. Ultrapure water (18.2 MΩ cm) was obtained from a 
water purification system (PSDK2-10-C, Beijing city, China).

Standard solution of bis(4-hydroxyphenyl) disulfide 
(2S-OH) (0.1 mg mL−1) and bis 4, 4′-Dihydroxydiphenyl 
methane (2-OH) (0.1 mg mL−1) were prepared with ace-
tonitrile. The loading buffer (pH = 6.2) was composed of KCl 

(3.727 g, 0.50 mol L−1) and Na2HPO4 (1.433 g, 0.04 mol L−1), 
with ultrapure water dissolved and transferred into 100 mL 
volumetric flask. The preparation of eluent (pH = 6.2) with 
Na2HPO4 (1.433 g, 0.04 mol L−1) was same as above. The 
two kinds of solution were used for immobilized and elu-
tion of sample. The background buffer solution was pre-
pared with Na2HPO4 (0.895 g, 0.05 mol L−1, pH = 8.5). All of 
the above buffer solution were prepared with sodium cit-
rate regulating pH to designated value and were reserved 
in refrigerator for CE.

2.2 � Preparation of thiophilic affinity MOFs

The matrix MOF-5-NH2 was prepared by the method of lit-
erature and partly improved [25]: Zn(NO3)2·6H2O (0.595 g, 
2.0 mmol) were dispersed in 50 mL DMF in a three-necked 
flask. Subsequently, 2-amino terephthalic acid (0.181 g, 
1.0  mmol) was added into the above mixed solution 
and the polymerization was kept for 2 h under stirring 
at 140 °C. Then, the solid precipitates were collected and 
washed thoroughly with DMF, ethanol for three times, 
respectively. When the unreacted substance was removed, 
the prepared MOF-5 -NH2 was dried at 50 °C in the drying 
oven for 12 h.

Afterwards, the above MOF-5-NH2 (0.310 g, 0.4 mmol) 
as matrix, TEPIC (0.119 g, 0.4 mmol) as the crosslinker, SFA 
(0.038 g, 0.4 mmol) as functional monomer were well-
blended in the 50 mL DMSO. Then the system was kept 
stirring for 12 h at 75 °C. The MOF-5-NH2@P(TEPIC-co-SFA) 
was synthesized based on the ring opening reaction of 
expoxy group. At last, the resulting sorbent was collected, 
followed by rinsed with methanol for three times before 
drying at 50 °C overnight for future use. An illustration of 

Fig. 1   Preparation process of MOF-5-NH2@P(TEPIC-co-SFA)
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the preparation of MOF-5-NH2@P(TEPIC-co-SFA) was pre-
sented in Fig. 1.

2.3 � Characterization

Scanning electron microscopy (SEM, Hitachi S-4800, Japan) 
was performed at 5 kV. Transmission electron microscopy 
(TEM, Hitachi HT-7700, Japan) was performed at 100 kV. 
The X-ray diffraction (XRD, Bruker D8 Advance, German) 
patterns were recorded using Cu/Kα radiation at 40 kV 
and 40 mA. Fourier transform infrared spectrometer (FT-
IR-21, Shimadzu, Japan) spectra were recorded from 4000 
to 50 cm−1. Thermogravimetric analyses (TGA, DTG-60A, 
Japan) was performed under air atmosphere. The heating 
rate was 10 °C min−1 and the hold temperature was set to 
800 °C. The specific surface area and porous behavior (BET, 
JW-BK112 JWGB SCI&TECH, China) were measured by N2 
adsorption and desorption at 77 K. The sample detection 
was carried out by capillary electrophoresis (CE) apparatus 
(P/ACE™ MDQ, Beckman, USA).

3 � Results and discussion

3.1 � Characterization

3.1.1 � SEM and TEM of MOF‑5‑NH2@P(TEPIC‑co‑SFA)

MOF-5 is an important archetype metal–organic frame-
work which oxocentered Zn4 tetrahedra are connected 
with linear organodicarboxylates to produce a cubic net-
work structure [26–28]. Due to its high specific area surface 
and controlled pore size, it has been studied in the separa-
tion technology [29]. But its organic unit are mainly com-
posed of nonpolar functional group, according to the lit-
erature [29]. Some MOFs may degrade in the polar solvent, 
such as H2O and CH3CN, CH3OH. Therefore, the hydrophilic 
amino (–NH2) group was tentatively introduced into MOF-
5. In this paper, we chose MOF-5-NH2, TEPIC and SFA as 
matrix, crosslinker, and functional monomers, respectively. 
The sulfone group was modified on the MOF through the 
epoxy ring opening reaction, and a polymer-MOF hybrids 
MOF-5-NH2@P(TEPIC-co-SFA) was obtained, and it was 
severed as the affinity thiophilic sorbentin in the separated 
experiments.

The reaction temperature was found to be a key fac-
tor for the preparation of the affinity thiophilic sorbents. 
When the temperature was lower than 75 °C, the thio-
philic affinity sorbent MOF-5-NH2@P(TEPIC-co-SFA) was 
not well formed; when the temperature was higher than 
75 °C, the porous of the thiophilic affinity sorbent become 
dense, and even disappeared (Fig. 2), which would affect 
its separation ability. The reaction time was also crucial 

to synthesize the sorbent. No matter the time was above 
12 h or below the 12 h, the morphology of the sorbent was 
not intact (Fig. 3). Based on the above results, the optimal 
reaction condition was kept at 75 °C for 12 h. The obtained 
product was brown powder. The sorbent is nearly cubic 
with well-controlled skeletal and well distributed porous. 
TEM images (Fig. 4) further proved the sorbent is dispersed 
uniformly.

3.1.2 � XRD, FT‑IR measurements

The XRD patterns of MOF-5-NH2 and MOF-5-NH2@P(TEPIC-
co-SFA) were shown in Fig.  5. MOFs-5-NH2 exhibited 
well-defined diffraction peaks. The diffraction peaks at 
2θ = 7.76°(200), 9.74°(220), 13.94°(400) were attributed to 
the characteristic reflection of MOF-5-NH2 which were in 
accordance with the results in the literature [30]. However, 
the intensity of the synthesized MOF-5-NH2@P(TEPIC-co-
SFA) decreased apparently, which was attributed to the 
distortion of the MOF-5-NH2 crystal structure after com-
bination with TEPIC-co-SFA.

Fourier transform infrared (FT-IR) spectroscopy was 
used to detect the homologous infrared absorption 
characteristic peaks of the sorbent. As we can see from 
Fig. 6a, MOF-5-NH2 has two apparent stretching vibra-
tion at 3286 cm−1 and 3155 cm−1, which approved the 
vibration of N–H, but they were disappeared in MOF-5-
NH2@P(TEPIC-co-SFA) (Fig. 6c). It means that the amido 
of MOF-5-NH2 has coordinated with epoxy group. Due to 
the polymerization between SFA (Fig. 6b) and TEPIC, the 
characteristic stretching vibration of –S=O of SFA slight 
blue shift from 1350 cm−1 and 1156 cm−1 to 1309 cm−1 
and 1219 cm−1, which is consistent with the literature [31]. 
Peaks at 1600,1500 and 1390 cm−1 was related with the 
C=O symmetric and asymmetric vibration in the carboxyl 
group (R-COO–) of the secondary unit (Zn4O6

+), which 
was from 2-amino terephthalic acid. Absorptive peaks of 
aromatic skeletal stretching vibration were at 1500 and 
1600 cm−1. All these results confirm the presence of sul-
fone group in the sorbent.

3.1.3 � TGA, BET measurements

The thermal stability of affinity thiophilic sorbent was 
characterized by the thermalgravimmetric analysis (TGA) 
in air atmosphere. As we can see from Fig. 7, the weight 
loss of MOF-5-NH2@P(TEPIC-co-SFA) is a three-steps pro-
cess. A weight loss of about 12% was observed before 
125 °C,which could be owing to the residual solvent mol-
ecule in the porous structure. The moisture in the surface 
and channels with weight loss of only 5% is observed 
between 125 and 310 °C. The decomposition of MOF-5-
NH2@P(TEPIC-co-SFA) is detected at about 310 °C, which 
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indicates that the obtained sample has excellent thermal 
stability. The major weight loss of MOF-5-NH2@P(TEPIC-
co-SFA) sample is detected between 310 and 525 °C. The 
skeleton of MOF-5-NH2@P(TEPIC-co-SFA) is destroyed 
completely when the temperature reach at 525 °C. The 
degradation temperature was similar to that of MOF-5, 

which meant that the affinity thiophilic material has good 
thermal stability.

The modest surface area for separated sorbent in 
chromatography was 200–800  m2 g−1 and the pore 
size in the range of 2–25 nm [32]. From the N2 adsorp-
tion–desorption isotherm in Fig. 8, the average pore size 

Fig. 2   SEM images of a MOF-5-NH2 and MOF-5-NH2@P(TEPIC-co-SFA) at different reaction temperature b 55 °C, c 65 °C, d 75 °C, e 85 °C, f 
95 °C

Fig. 3   SEM images of a MOF-5-NH2 and MOF-5-NH2@P(TEPIC-co-SFA) for different reaction time b 8 h, c 10 h, d 12 h, e 14 h, f 16 h
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of MOF-5-NH2@P(TEPIC-co-SFA) was 15.58 nm and the 
surface area 248.14 m2 g−1 As for MOF-5-NH2, the data 
is 15.83 nm and 81.77 m2 g−1. The pore size is retained 
after hybridation, however, the surface area was increased 
threefold, which make the obtained sample has a suitable 
surface condition for sorbent. In addition, as a functional 
monomer, SFA provide hydrophilic group, including sul-
fonyl group (O=S=O) and amino group (–NH2), which 
made the sorbent possessed hydrophilicity. The prepared 
polymer-MOF hybrid material was more suitable for liquid 
separation.

3.2 � Thiophilic affinity

3.2.1 � Experimental conditions of capillary electrophoresis

All capillary electrophoresis data were obtained from cap-
illary electrophoresis apparatus. A new fused silica capil-
lary column with total length up to 50 cm was put into 
use. The detection wavelength was set at 214 nm. The 
separated voltage was 15 kV. Before each injection, the 
column was rinsed by 0.1 mol L−1 NaOH, 0.1 mol L−1 HCl, 
ultrapure H2O and 0.05 mol L−1 background buffer solution 
in sequence under the pressure of 20 psi. The condition of 
sample injection was 0.5 psi × 8 s.

3.2.2 � Adsorption of compounds containing disulfide‑bond

The whole procedure for specific enrichment and sepa-
ration of compounds containing disulfide-bond includes 
three steps: immobilized, washing, and elution (Fig. 9). 
Firstly, 10 mg thiophilic affinity absorbent was put into 
a 1.5 mL centrifuge tube, and 600 μL loading buffer and 
800 μL mixed standard solution were added. In order to 

Fig. 4   TEM images of MOF-5-NH2@P(TEPIC-co-SFA)

Fig. 5   XRD pattern of (a) MOF-5-NH2, (b) MOF-5-NH2@P(TEPIC-co-
SFA)

Fig. 6   FT-IR spectra of (a) MOF-5-NH2, (b) SFA, (c) MOF-5-
NH2@P(TEPIC-co-SFA)
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Fig. 7   TGA curve of (a) MOF-5, (b) MOF-5-NH2, (c) MOF-5-
NH2@P(TEPIC-co-SFA)
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immobilize the disulfide bond-containing compound on 
the sorbent, the mixture was sufficient vibrated for 20 min, 
and then the supernatant liquid was discarded after cen-
trifugation. Subsequently, 300  μL loading buffer was 
added and repeated the operation of sufficient fixation 
for twice. Finally, the supernatant liquid was collected for 
capillary electrophoresis analysis after 15 μL eluent was 
added and vibrated for 10 min.

On the basis of the separation mechanism of thiophilic 
affinity chromatography, we demonstrate the feasibility 
of the affinity sorbent for specific capture of compound 
containing disulfide-bond, with bis(4-hydroxyphenyl) 
disulfide and 4, 4′-Dihydroxydiphenyl methane as 
the test compounds (Fig. 10). The difference between 

bis(4-hydroxyphenyl) disulfide and 4,4′-dihydroxydiphe-
nyl methane was that one has disulfide bond and the 
other has no disulfide bond. From Fig. 11, it can be seen 
that the captured bis(4-hydroxyphenyl) disulfide has a 
sharper peak, its peak area was 20 times than that of initial 
standard sample. It meant that the bis(4-hydroxyphenyl) 
disulfide was enriched. As a contrast, 4, 4′-Dihydroxydiphe-
nyl methane, which has no disulfide bond, didn’t display 
any CE signal under the same detection condition. The 
results demonstrated MOF-5-NH2@P(TEPIC-co-SFA) had 
apparent affinity to disulfide bond-containing compound.

Additionally, the affinity separation capacity of MOF-
5-NH2@P(TEPIC-co-SFA) was further investigated with 
the solution of 2S-OH (0.1 mg mL−1) through the whole 

Fig. 8   A N2 adsorption/desorption isotherm and B pore -size distribution of (a) MOF-5-NH2, (b) MOF-5-NH2@P(TEPIC-co- SFA)

Fig. 9   The proposed 
mechanism between MOF-
5-NH2@P(TEPIC-co-SFA) and 
disulfide bond-containing 
compound

Fig. 10   The structure of a 
bis(4-hydroxyphenyl) disulfide 
(2S-OH), b 4,4′-dihydroxy-
diphenyl methane (2-OH)
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separation process, including the sample loading, washing 
and elution operations. The relative standard deviation of CE 
signal for run to run was about 41.92%, and batch to batch 
was about 28.07%.

4 � Conclusions

In this paper, a method for preparation of thiophilic affin-
ity sorbent was proposed through combing the MOF with 
polymer. The designed and synthesized sorbent can spe-
cifically capture disulfide bond-containing compounds. 
Especially, the hydrophilic functional monomer facilitates 
its application in the water system. Because of the wide-
spread presence of compounds containing disulfide-bond 
in nature, such as, proteins, antibody. The application of 
MOFs will be well designed and functionalized to make 
the thiophilic affinity sorbents a promising material in the 
near future.
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