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Abstract By introducing 1,2,3-triazole-ester groups
on thiacalix[4]arene based on click chemistry and then
ammonolysis with ethylenediamine, diethylenetriamine or
triethylenetetramine, three novel 1,2,3-triazole-modified
thiacalix[4]arene polymers were conveniently prepared in
“4+2” condensation mode in ideal yields. The structures
of polymers 4a—4¢ were confirmed by elemental analysis,
FTIR and '"H NMR spectra. The surface morphologies of
polymers 4a—4c¢ were investigated by SEM micrographs.
The M, of novel polymers 4a—4c indicated approximately
18-20 calixarene units in each polymer molecule. The dye
adsorption abilities of polymers 4a—4c¢ for series of organic
dyes (alizarin green, orange I, neutral red (NR), Congo red
(CR), orange G (OQG), crystal violet, Victoria blue B and
methylene blue) were studied by solid—liquid adsorption
experiments. The adsorption experimental results implied
that they had excellent adsorption abilities for tested
organic dyes. The highest adsorption percentage reached
97 % for OG. The best saturation adsorption capacities
for NR and CR were as high as 1.282 and 1.407 mmol/g,
respectively. These novel polymers possessed stable
adsorption abilities in the scopes of pH 5-9 and had good
reused properties after desorption. The adsorption mecha-
nism proposed that not only dipole interaction, electrostatic
interaction and hydrogen bonding interaction, but also the
m—7 stacking interaction plays important role in binding
dyes.
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Introduction

Dyes are widely used in various industries including tex-
tiles, leather, dyestuffs, papers, etc. However, serious water
pollution is brought about by wastewaters in these indus-
tries [1, 2]. In order to remove the dyes from wastewaters,
many conventional treatment methods, such as precipitation
[3], extraction [4], adsorption [5, 6], membrane filtration
[7] and photodegradation [8] have been developed. Among
these wastewater treatments, much attention has been paid
to adsorption due to its providing selective separation and
recovery of dyes from the effluent mixtures. As a result, the
design and synthesis of novel absorbent for dyes is the cru-
cial task in this research field. Recently, some researches
focused on the supramolecule-based hosts for binding dye-
stuff effectively. For example, the synthesis and dye compl-
exation abilities of some calixarene-based derivatives and
polymers were described by Yilmaz et al. [9-11], Memon
et al. [12, 13] and Diao et al. [14], respectively. Our group
also reported series of calixarene derivatives and polymers
with high binding properties for aniline derivatives [15,
16], and organic dyes [17-19]. These literatures suggested
that the structures of calixarene skeleton, the sizes of cavi-
ties and the influences of intermolecular acting forces pro-
duced by different functional groups played important roles
in binding dyes.

Thiacalix[4]arene, of which the phenyl groups are
bridged by four sulfur atom, possesses excellent structural
flexibility and exhibits outstanding recognition ability for
organic molecules, anions and cations [20-22]. Moreover,
its flexible cavity might be favorable for adjusting its shape
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to match the structures of guests. On the other hand, the
1,2,3-triazole ring, which could be obtained conveniently
by click chemistry [23-25] easily produce m-m stack-
ing interaction with other aromatic systems, such as dyes.
Lately, we synthesized several novel thiacalix[4]arene
derivatives based on click chemistry and found for the first
time that they possessed excellent binding capabilities for
dyes in thiacalix[4]arene chemistry [26]. However, no thi-
acalix[4]arene polymers were reported to bind dyes up to
now.

In this paper, we designed and synthesized series of
novel thiacalix[4]arene polymers based on click chemistry
and studied the dye adsorption abilities of thiacalix[4]arene
polymers for the first time. The results indicated that they
exhibited excellent adsorption capabilities for all kinds of
dyes as expected.

Experimental
Materials

All solvents and reagents were purchased from Aladdin
Chemical Reagents Factory, Shanghai, China. All sol-
vents were purified by standard procedures before use. All
other chemicals, except special instruction, were analyti-
cally pure and used without further purification. All reac-
tions were carried out under nitrogen atmosphere. The
azido compound 1 was easily obtained by the reaction of
ethyl chloracetate with NaN; in DMSO [27]. Thiacalix[4]
arene derivative 2 was synthesized by literature method
[26]. Polymers 4a—4c used in adsorption experiment were
scrunched and sieved with diameter size of 500-1,000 pwm.

Characterization

"H NMR spectra were recorded in CDCl; on a Bruker-
ARX 500 instrument (Switzerland) at room temperature,
using TMS as an internal standard. Elemental analyses
were performed at Carlo-Erba 1106 Elemental Analyzer
(Italy). Osmometric molecular weight determinations were
carried out a Knauer vapor pressure osmometer (USA)
at concentrations of ca. 107> M (based on the polymeric
units) in CHCIl; at 37 °C using sucrose octaacetate for
calibration. The quotients of vapor pressure signal over
concentration were plotted against C. The M, values were
calculated by the inversely proportional to the intercept at
[C] = 0. FTIR spectra were recorded on Perkin-Elmer 1605
FTIR spectrometer (USA) as KBr pellets. UV—Vis meas-
urements were performed on a Varian UV—Vis instrument
(Germany). Surface morphology of polymers, which were
scrunched and sieved with diameter size of 500-1,000 wm,
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was studied by using SEM (JEOLJSM-6490LA, Japan)
after the gold coating, operating at 10 kV.

Methods

Synthesis of tetra
(1-ethylacetyl-1H-1,2,3-triazolyl-
methyloxy)thiacalix[4]arene derivative 3

Compound 1 (1 mL), alkynylcalix[4]arene 2 (0.16 g,
0.2 mmol), CuSO, (0.20 g, 0.8 mmol) and sodium ascor-
bate (0.79 g, 4 mmol) were stirred in dry DMF (40 mL).
The mixture was heated at 90 °C for 15 h, and then diluted
with CHCl; (20 mL) and washed with water (3 x 20 mL).
The organic phase was dried over MgSO,, filtered and the
solvent removed under reduced pressure. The crude prod-
uct was purified by recrystallization with CHCl;/MeOH,
affording 3 as a white powder in yield of 80 %. 'H NMR
8y (500 MHz, CDCl,): 1.09 (36 H, s, Bu"), 1.22-1.25 (12
H, t, J = 12.0 Hz, CH,CH,), 4.19-4.20 (8 H, m, COCH,),
5.02 (8 H, s, NCH,), 5.28 (8 H, s, OCH,), 6.95 (4 H, s,
N-CH(=C)), 7.16 (8 H, s, ArH). ESI-MS m/z (%): 1,389.9
(M™, 100). Anal. caled. for CeHg 0,,S,N,,: C 58.77, H
6.09, N 12.09; Found: C 58.67, H6.17, N 11.98.

Synthesis of 1,2,3-triazole-modified thiacalix[4]arene
polymers 4a—4c

Under nitrogen atmosphere, the mixture of compound 3
(0.5 g, 0.36 mmol) and ethylenediamine (0.06 g, 1 mmol)
in 12 mL. of CHCIy/MeOH (v/v = 1:2) was stirred and
refluxed for 6 h until the materials utterly vanished under
the monitor of TLC. After reaction, the solvent was evapo-
rated under reduced pressure. The residue was treated with
distilled water (20 mL) and extracted with CHCl; (20 mL).
The organic layer was separated and dried by MgSO,. After
evaporating off the solvent to dryness, the powder was
washed by small amount of acetone to remove small mol-
ecules, and was dried in vacuum. 0.49 g of polymer 4a was
obtained as light yellow powder. According to the same
procedure with diethylenetriamine or triethylenetetramine
instead of ethylenediamine, polymer 4b (0.48 g) and 4c
(0.47 g) were obtained as light yellow powder, respectively
(Fig. 1).

Polymer 4a: '"H NMR dy (500 MHz, CDCl,): 1.13 (36
H, s, Bu'), 3.91-5.12 (24 H, m, OCH, and NCH,), 6.93 (4
H, bs, N-CH(=C)), 7.18 (8 H, bs, ArH), 8.92 (4H, bs, NH).

Polymer 4b: '"H NMR §;; (500 MHz, CDCl,): 1.14 (36
H, bs, Bu"), 3.90-5.14 (34 H, m, OCH,, NCH, and NH),
6.95 (4 H, bs, N-CH(=C)), 7.17 (8 H, bs, ArH), 8.89 (4H,
bs, NH).



Iran Polym J (2014) 23:899-906

901

CH,
ArH
NH CHC|31CH OCH, and NCH,
A 1 A AN A JL__ j. ]
T v T T T v - . T T
(ppm) 5.0 0.0

Fig. 1 'H NMR spectrum of polymer 4a

Table 1 Elemental analysis (%) and molecular weight of polymers
4a—4c

Polymer C (%) found H (%) found N (%) found M,
(caled.) (caled.) (caled.)
4a 57.71 (57.82) 6.32 (6.07) 17.25 (16.85) 23,537
4b 57.58 (57.70) 6.68 (6.41) 18.23 (17.80) 26,584
4c 57.42 (57.59) 7.03 (6.71) 19.16 (18.65) 29,653
3
4a
®
2
8 4b
= 4c
(72}
§ f
=
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Fig. 2 FTIR spectra of compound 3 and polymers 4a—4c

Polymer 4c: '"H NMR §; (500 MHz, CDCly): 1.16 (36
H, bs, Bu"), 3.87-5.16 (44 H, m, OCH,, NCH, and NH),
6.94 (4 H, bs, N-CH(=C)), 7.15 (8 H, bs, ArH), 8.81 (4H,
bs, NH). The elemental analysis, FTIR spectrum, SEM, and
osmometric M, of polymers 4a—4c are shown in Table 1
and Figs. 2 and 3, respectively.

Adsorption percentages of polymers 4a—4c

According to the published method [28], 10 mg of polymer
was added to 10 mL of aqueous solution of correspond-
ing dye (1.0 x 1073 mol/L, pH 7). After stirring for 24 h
at 25 °C, the mixture was filtered. The concentration of dye
after adsorption in filtrate was examined by UV spectra.
The percentage of dye adsorbed by polymer was calculated
by the following equation:

E% = (Co— C)/ C x 100

where E is the adsorption percentage of polymer, C, and C
are the concentrations of dye before and after the adsorp-
tion, respectively. Average of twice-independent experi-
ments was carried out. Blank control experiment in the
absence of the calixarene polymer showed that the change
of concentration before and after stirring for 24 h at 25 °C
was less than 2 %.

Saturated adsorption capacity of polymer 4a—4c¢

According to reported method [28], the approach of chang-
ing the volume of dye was employed to examine the satu-
rated adsorption capacity. The polymer (10 mg) was added
in sequences into solutions of dyes (1.0 x 1073 mol/L), of
which the volumes were 5, 10, 15, 20, 25, 30, 35, 40, 45,
50 and 60 mL, respectively. Then the mixture was stirred
for 24 h at 25 °C and was filtered. The concentration in
the filtrate was determined by UV spectra. The adsorption
capacity was calculated as follows:

0= (C-CcHV/W

where O was the adsorption capacity, C was the initial
concentration before adsorption, C* was the concentration
after adsorption, V was the volume of solution and W was
the mass of the polymer.

Adsorption percentages at different pH values

According to reported method [28], the polymer (10 mg)
and solutions of dye (1 x 1073 mol/L, 10 mL) at different
pH values (the pH values were adjusted by HCI or NaOH)
were mixed and stirred for 24 h at 25 °C. After filtration,
the concentration of dye was examined by UV-Vis spec-
troscopy and the adsorption percentage was counted.
Results and discussion

Synthesis and characterization

The synthetic route of novel polymers 4a—4c is illustrated
in Scheme 1. Compound 2 was synthesized by published
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Fig. 3 SEM micrographs of (a) 4a, (b) 4b and (c) 4¢ polymers

method [26]. Then, the reaction of compound 2 with azide
1 was carried out in DMF at 90 °C with copper(Il) sulfate
and sodium ascorbate to afford 1,2,3-triazolyl-modified
thiacalix[4]arene 3 in yield of 80 % via click chemistry.
Further, by ammonolysis of compound 3 with correspond-
ing polyamine, the 1,2,3-triazole-modified thiacalix[4]
arene polymers 4a—4c¢ were conveniently prepared in good
yield. In order to convert the ester groups to amido groups
completely, few excess amounts of polyamine were added
in these ammonolysis reaction. Since compound 3 and
polyamines possessed four and two reactive groups, respec-
tively, and compound 3 possess the 1,3-alternate conforma-
tion, it could be deduced that polymers 4a—4c¢ were a tridi-
mensional netty “4+42” cross-linking polymers. It is worth
noting that these polymers were the first examples of calix-
arene polymers based on click chemistry.

The structures and morphologies of polymers 4a—4c
were studied by '"H NMR, elemental analysis, FTIR and

ren Potymer and
Petrochemica nstute
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SEM techniques. The signals of '"H NMR of polymers
were well assigned for the corresponding protons (Fig. 1
exhibited the '"H NMR of polymer 4a as representative
one). The elemental analysis data and molecular weight
of polymers 4a—4c are shown in Table 1. The elemental
analysis data were approximately in accordance with the
calculated data obtained by the hypothesis that four ester
groups in one molecule of compound 3 were ammon-
olyzed ideally by two times of diamines exactly. These
results also indicated that few free primary amines existed
in polymers 4a—4c¢. The molecular weight for polymers
4a—4c was determined by vapor pressure osmometric
measurements. The M, of polymers 4a—4c after calcula-
tion was 23,537, 26,584 and 29,653, respectively, indicat-
ing average approximately 18-20 calixarene units in each
polymer molecule.

The structures of polymers 4a—4c were also confirmed
by FTIR spectra. Figure 2 exhibited the FTIR spectra of
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Scheme 1 Synthetic route of
polymers 4a, 4b and 4c
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polymers 4a—4c¢ and compound 3. Obviously, it can be
seen that the strong absorption peaks at 1,755 cm™! for
C=0 of ester groups in spectrum of compound 3 van-
ished completely in the FTIR spectra of polymers 4a—4c.
On the other hand, the strong absorption peaks for amido
groups appeared at 1,680 cm™! approximately in the FTIR
spectra of polymers 4a—4c. These FTIR spectra certainly
supported that the esters’ groups of compound 3 were sub-
stituted utterly by amido groups. Also, the peak of free pri-
mary amines was not observed apparently, indicating that
little primary amines existed in polymers 4a—4c. These
results were in accordance with the results of elemental
analysis. Moreover, it was reasonable to deduce that these
polymers might prefer to adopt three-dimensional poly-
mers than linear polymers because compound 3 possessed
four ester groups in 1,3-alternate conformation [26].
The surface morphologies of polymers 4a—-4¢ were also
observed by scanning electron microscopy (SEM). The
results are shown in Fig. 3. As expected, polymers 4a—4c
exhibited loose, porous and netty morphologies, which
were favorable for producing the excellent binding abili-
ties for guests.
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4b: Amine = NH,CH,CH,NHCH,CHoNH, ( m=1)
4c¢: Amine = NH,CH,CH,NHCH,CH,NHCH,CH,NH, (m=2)

calixarene framework

O
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Dyes adsorption percentages of polymers 4a—4c

Lately, we had reported that the 1,2,3-triazole-modified
thiacalix [4] arenes exhibited excellent extraction abilities
for dyes due to the complexation action of flexible cavities
and 1,2,3-triazole rings [26]. Because the novel polymers
4a—4c were the derived products of this 1,2,3-triazole-mod-
ified thiacalixarene and the new amido groups in polymers
were favorable for complexation based on hydrogen bond-
ing, polymers 4a—4c were expected to possess excellent
dyes absorption capabilities. Thus, the adsorption abilities
of polymers 4a—4¢ were investigated for a series of dyes
including alizarin green (AG), orange I (OI), neutral red
(NR), Congo red (CR), orange G (OG), crystal violet (CV),
Victoria blue B (VB), methylene blue (MB) which are
usual pollutants in water.

The adsorption percentages of polymers 4a—4c for dyes
are shown in Table 2. It could be seen that all novel poly-
mers had good adsorption capabilities for the eight tested
dyes. The adsorption percentages for OI, CR, NR and OG
were as high as over 90 %. The highest adsorption percent-
age reached 97 % for OG. These adsorption percentages
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Table 2 Adsorption

Polymer AG o1 NR CR 0G cv VB MB
percentages of dyes for
polymers 4a—4c 4a 84.3 96.8 92.6 96.3 97.2 87.2 79.2 78.4
4b 83.8 95.5 90.4 94.5 97.7 90.1 80.1 79.5
4c 80.1 93.2 91.8 91.2 96.5 84.2 74.8 70.2

were very outstanding when compared with the previous
reports of calixarene resins [11-13] or polymers [16—18].
Also, the adsorption percentages of polymers 4a—4c were
higher than the extraction abilities of their precursive com-
pound 3, which could be attributed to the introduction of
triazole-amide-amine units. Moreover, it could be observed
that polymers 4a—4c exhibited similar adsorption abilities
for both anionic dyes (AG, CR, OG and OI) and cationic
dyes (MB, VB, CV and NR).

On the other hand, although the polymers 4a—4c¢ pos-
sessed different bridging polyamines chains, no obvi-
ous differences were observed for their dye adsorption
abilities. These adsorption results suggested that polymers
4a—4c have excellent dye adsorption capabilities. The
similar adsorption abilities for anionic and cationic dyes,
and no obvious differences for different bridging struc-
tures of polymers 4a—4c might support the speculation of
the adsorption mechanism that the adsorption abilities of
novel polymers were influenced not only by dipole, elec-
trostatic and hydrogen bonding interactions which were
usually observed in adsorption, but also by m—m stacking
interaction of the phenyl groups and triazole ring with the
aromatic conjugate system of dyes, and flexible cavities of
thiacalix[4]arene skeleton for dyes complexation. Due to
n—7 stacking interaction, flexible cavities were influenced
little by polyamines chains, thus, polymers 4a—4c¢ with dif-
ferent bridging chains showed similar adsorption abilities
for both anionic and cationic dyes.

Saturated adsorption capacities of polymers 4a—4c

In order to investigate the saturated adsorption capacities
of polymers 4a—4c for dyes, NR and CR were chosen as
the representative ones of cationic dyes and anionic dyes,
respectively, to test the saturated adsorption capabilities.
The results were shown in Fig. 4. It could be seen that the
saturation adsorption capacities of polymers 4a—4c for
NR and CR were as high as 1.2-1.4 mmol/g. The highest
saturated adsorption capacities for NR and CR was 1.282
and 1.407 mmol/g, respectively. These saturated adsorp-
tion capacities were outstanding among all kinds of other
absorbents for dyes [29-31]. On the other hand, polymers
4a—4c with different bridging polyamines chains showed
similar saturated adsorption capabilities, which also
could be explained by the previous speculated adsorption
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Fig. 4 Saturated adsorption curves of 4a—4c polymers for CR and
NR dyes
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Fig. 5 Effect of pH values on adsorption percentages
mechanism. These saturated adsorption results suggested
that this kind of polymers possessed good applied prospec-
tive for the extraction of noxious dyes in polluted water.
The influence of pH values on adsorption percentages
The pH value is an important influencing factor for adsorp-

tion in practical application. Thus, the adsorption experi-
ments under different pH values were done and the results
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are shown in Fig. 5. In order to avoid the protonation of
amino groups at high acidity and the insolubilization of
dyes at high acidity or high alkalinity, the scope of pH val-
ues was controlled at pH 5-9. The results showed that the
adsorption percentages of polymers 4a—4c fluctuated in 77—
96 %, which were not remarkable comparing with the other
kinds of absorbents [29-31]. These results suggested that
the adsorption abilities of polymers 4a—4c¢ were fairly stable
in the scope of pH 5-9. These adsorption results at different
pH values exhibit good applicability in widely pH scopes.

Reuse of polymers 4a—4c after desorption

The recycling property is an important feature for an adsor-
bent. Thus, the reuse property of polymer 4¢ for CR was
studied as the representative one. After adsorption for CR,
the polymer 4¢ was desorbed by 10 % HCI and subse-
quently 10 % NaOH, washed adequately by distilled water
and dried by vacuum. Then, the polymer was used for dye
adsorption again. The five times’ adsorption percentages
were measured and the results were 96.3, 88.8, 84.3, 82.7
and 80.4 %, respectively, which indicated that this kind of
polymers have good recycling property.

Conclusion

This work reported the synthesis of the novel 1,2,3-triazole-
modified thiacalix[4]arene polyamine polymers based on
click chemistry. Their structures were characterized by 'H
NMR, FTIR, and elemental analysis methods. The loose,
porous and netty architectures were observed for novel
polymers in their SEM analysis. The M,, of novel polymers
suggested average approximately 18-20 calixarene units
in each polymer molecule. The adsorption experiments for
dyes indicated that they have excellent adsorption abili-
ties for both cationic and anionic dyes. The best saturation
adsorption capacities for NR and CR were as high as 1.282
and 1.407 mmol/g, respectively. The adsorption abilities
were stable at pH 5-9. The adsorption mechanism was
speculated and the excellent adsorption capabilities were
influenced not only by dipole, electrostatic and hydrogen
bonding interactions, but also by the m—m stacking inter-
action of the phenyl groups and triazole ring with the aro-
matic conjugate system of dyes, and the flexible cavities of
thiacalix[4]arene skeleton for dyes complexation.
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