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A B S T R AC T

A new kind of alkali metal ion-recognized membrane material compound named poly (styrene-
co-allyl oxygen)-4-tert butyl-calix [4] arene was synthesized by 4-tert-butyl calyx [4] arene and 
poly(styrene-co-allyl alcohol) as raw materials. Then a new ion recognition functional mem-
brane was prepared by UV irradiation method via grafting the compound onto the surface of 
polyacrylonitrile (PAN) micro porous membrane. ATR-FTIR, SEM, AFM and SPM were used to 
test the surface structure of the functional membrane. The results showed that the functional 
membrane could form spindle structure on the surface of PAN membrane by the self-
assembly way. Control transport experiment for non-functional material (PAA) grafted mem-
brane and functional material grafted membrane were tested in our work, and the data showed 
that the functional material grafted membrane was able to identify Li+, Na+ and K+ while the 
PAA grafted membrane have not the ion-recognition ability. The recognition sequence of the 
functional membrane was K+>>Na+>Li+.

Keywords:  UV grafting, Ion-recognition, Calix [4] arene, function membrane, ion transport, 
PAN membrane

1. Introduction

Ion transport across membranes is one of the most 
important processes in living cells. Proteins that serve 
as ion channels or carriers provide this crucial activity. 
Ion channels have several unusual features, which make 
them the subject of much biochemical, biophysical, and 
physiological research. For one, they are highly selective. 
They discriminate not only between anions and cations, 
but even between different monovalent and divalent 
ions, for example, Na+, K+, and Ca+. Other important 
feature is their effi ciency, the energetic barriers in the 
channel have to be very low, nearly not consume the 
ATP [1]. Artifi cial ion channel has been researched for 
two decades and generally used in metal ion separation, 

carrier of ion-selective migration and chemical sensor 
[2–4]. Self-assembly is the most common method to con-
struct ion channel. The infl uential works included: Per-
cec [5] built columnar cation channel with crown ether 
by self-assembly, Davis [6–8] used the self-assembly of 
hydrogen bonding between four guanosine built cation 
channel, and Sidorov V [9] made a anion channel of Cl–

in the same way.
To simulate the function of ion channel, many chem-

ists or biologists have made their great effort in this fi eld. 
Therefore, synthetic functional membranes, capable of 
selectively recognizing and transporting ions or mol-
ecules similar to ion channel, represent a challenging 
target for preparative membrane science. Their potential 
importance can be imaged by the fact that about 40% 
of the energy consumption in chemical industry is used 
for distillation and recrystallization processes. Highly 
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selective membranes would also simplify numerous 
separation tasks or detection problems in the fi elds of 
biochemical, medical, or even environmental analytical 
technology [10–12].

Calixarenes represent one of the most important 
macrocyclic host molecules in supramolecular chemis-
try, together with crown ether and cyclodextrin in func-
tional membrane research fi eld [13–15]. Because of their 
basket shape they are suited for the complexation of 
small molecules and ions. Applications as extractors of 
metal ions, as carriers in liquid membrane, and as sen-
sors for heavy-metal ions were described [16].

In our course of our studies on the functional ion 
channel membrane, we became interested in calixarenes 
because of their basket-shaped structure, which might 
enable selective transport due to complexation or siev-
ing of distinct ions or molecules. In this paper, amphi-
philic copolymer named poly(styene-co-allyl alcohol)
and 4-tert-butyl-calix [4] arene were used to prepare 
of alkali-metal ion-recognized functional membrane 
material. Then, it was grafted to the surface of PAN 
membrane using UV irradiation for preparing the ion 
recognition membrane. The structure and its transport 
properties of the functional membrane were studied in 
detail.

2. Experimental

2.1. Material

4-tert-buty-calix [4] arene (98%) was bought from 
TCI. Poly (styrene-co-allyl alcohol), typical Mn: 1200, 
typical Mw: 2200, hydroxyl number 255.00 mg KOH/g, 
was purchased from Sigma Aldrich. 4-(Dimeth-
ylamino) ptridine (99%) was obtained from Alfa 
Aesar. Toluene-4-sulfonyl chloride (98.5%), triethyl-
amine, benzophenone (BP), NaIO4, K2CO3, acetone, 
tetrahydrofuran(THF), 4-(Dimethylamina) chloride and 
N,N-dimethylfomamide(DMF) were purchased from 
Sinopharm Chemical Reagent Co.,Ltd. PAN micropo-
rous membrane was bought from Shanghai Megavision 
Membrane Engineering & Technology Co., Ltd.

2.2. Synthesis of poly (styrene-co-allyl oxygen)-4-tert buty-
calix [4] arene

Firstly, poly (styrene-co-allyl alcohol) and toluene-
4-sulfonyl chloride were dissolved in anhydrous THF. 
Then, triethylamine and 4-(Dimethylamina) chloride 
were added to the reaction system and mixed by mag-
netic stirrer. All the processes were carried out in ice 
bath and the reaction continued for 3–5 h at room tem-
perature under nitrogen protection and magnetic stirrer. 
Use rapid column chromatography to purify the middle 
product.

Secondly, the middle product was dissolved in DMF, 
and then 4-tert-buty calix [4] arene and K2CO3 were 
added. The system reacted 8 h at the temperature of 
110°C with magnetic stirring and refl ux condensation. 
After purifi cation, the fi nal product M(d): poly (styrene- 
co-allyl oxygen)-4-tert buty-calix [4] arene was obtained.

1H NMR(CDCl3, TMS, 400MHz) d: 0.84876(t, J = 16.024, 
17H), 1.02048(t, J = 7.608, 20H), 1.12974(t, J = 10.620, 17H), 
1.19427(d, J = 6.568, 30H), 2.46092(m, J = 9.312,18H), 
2.60537(d, J = 13.984, 2H), 2.69053(s, 2H), 2.88230(s, 5H), 
2.95294(s, 5H), 3.05776(d, J = 13.256, 3H), 3.23420(t, J = 7.148, 
4H), 3.51522(t, J = 22.442, 3H), 3.74501(q, J = 12.940, 49H), 
3.99452(m, J = 9.511, 27H), 4.07686(s, 2H), 4.10922(s, 
3H), 4.22950(t, J = 12.120,24H), 5.29710(s, 1H), 6.45875(d, 
J = 15.348, 3H), 6.65106(d, J = 6.620, 2H), 6.83111(q, 
J = 15.224,13H), 6.92977(s, 5H), 7.00196(d, J = 6.808, 4H), 
7.06427(t, J = 3.592, 6H), 7.33365(m, J = 8.518, 4H), 7.42645(d, 
J = 7.756, 2H), 7.67357(m, J = 10.144, 12H), 7.89706(d, 
J = 8.644, 6H), 8.01742(s, 1H), 8.20500(d, J = 8.244, 1H).

2.3. Preparation of UV grafted membrane

Photosensitizer solution (5 wt.%) was prepared by 
benzophenone, micro scale NaIO4 and acetone solution. 
Grafting material solution was formed by M(d) and ace-
tone. PAN support membrane was washed by acetone 
and deionized water for several times. Firstly, immersed 
the support membrane into photosensitizer solution for 
10 min and then dried it in UV grafting reactor under 
nitrogen atmosphere. Then added grafting material 
solution into the system, made a sandwich structure by 
cover it with fl at dish. Closed the UV grafting reactor, 
turned on the 254 nm UV light, irradiated for 30 min 
with nitrogen protection. After reaction, the grafted 
membrane was cleaned by acetone and deionized water.

Grafting yield (D) was calculated by: D = (mt–m0)/S, 
mo and mt was the weight of membrane before and after 
grafting, S was the area of grafted membrane.

The morphology of membranes was observed by 
a scanning electron microscope (SEM)( S-3400N), an 
atomic force microscope (AFM)(Nanoscope III a, Digital 
Instruments), and scanning probe microscope (SPM)
(9600, SHIMADZU).

2.4. Ion transport experiment

The transport properties of the grafted membranes 
were evaluated using a permeation cell consisting of 
two square compartments (Vhalf-cell = 50 ml, membrane 
area = 0.785 cm2). Membranes were positioned between 
the two compartments containing the aqueous phases.

The feed phase was 0.1 mol/l alkali metal chloride 
solution (NaCl, KCl or LiCl) while the receiving phase 
was fi lled with doubly distilled water. Cation perme-
ation was monitored by measuring the conductivity of 
the receiving phase as a function of time.
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 Conductivity increment (s), ion permeation (P) and 
separation factor (a) were selected as characterizations 
of the transport experiments.

t oσ σ σ= −  (1)

so and st are the conductivity in the beginning and the 
end of transport experiments.
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 is the conductivity growth rate versus time, Vo and 

DV are the solution volume of receiving phase in the 
beginning and the change in the end of experiment, S 
is the membrane area, sm is the molar conductivity of 
alkali metal chlorides, C is the concentration of the solu-
tion in feed phase.
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Pfgm and Pnfgm are ion permeations rates of function 
material grafted membrane and non-function material 
(PAA) grafted membrane, respectively. afgm/nfgm is the ion 
recognition capacity, the larger of afgm/nfgm, and the better 
of ion recognition capacity.

3. Results and discussion

3.1. UV grafting

Under UV irradiation, BP undergoes a photoreduc-
tion by reacting with a hydrogen donor, substrate PAN 
membranes. The surface free radicals and the semipi-
nacol radicals were generated. The surface free radicals 
initiate the grafting polymerization of M(d) while the 
semipinacol radicals initiate homo-polymerization. The 
grafting dominates the polymerization process owing 
to the much higher reactivity of surface free radicals. 
Therefore, the fi nal membranes obtained may be grafted 
with copolymers in the pores and on the top of the 
membranes. The grafting yield varied with UV inten-
sity, irradiation time and the composition of the reactant 
solution. In this paper, we adopted an optimal grafting 
yield, that is 1.344 mg/cm2. Fig. 1 was the schematic 
diagram of UV grafting experiment.

3.2. Chemical and morphological characterization

ATR-FTIR spectra for PAN membrane surface were 
collected before and after grafting M(d), as shown in 
Fig. 2. Two typical peaks appeared in each spectrum. 

One was at 2242 cm−1, caused by the stretching vibration 
of cyano groups(-CN), and was the characteristic absorp-
tion of PAN. The other one at 1727 cm−1 was attributed 
to the stretching vibration of carbonyl groups. The pres-
ence of this absorption in the spectrum of the pure PAN 
membrane was believed to be caused by the presence of 
additives. On the other hand, several new absorptions 
appeared on the line (b). Peak around 3324 cm−1 was the 
stretching vibration of hydroxyl group. Peaks at 2934 
and 2858 cm−1 could be attributed to the –CH3 and –CH2 
absorption. It proved that M(d) which has a lot alcohol 
hydroxide groups and benzene rings was grafted on the 
surface of PAN membrane.

Morphology of both the surface and cross-section 
of nascent and ion recognition membrane was stud-
ied by SEM and the images are shown in Fig. 3. From 
the surface images it can be observed that there were 
small pores on the surface of the nascent membrane, but 
these pores disappeared on the surface of ion recogni-
tion membrane. From the images of the cross-section 
that grafting occurred mainly on the surface rather 
than on the backside. Fig. 4 shows the AFM images 

Fig. 1. Schematic diagram of UV grafting experiment.

Fig. 2. ATR spectrums of the PAN membrane and the ion 
recognition membrane (a) PAN nascent membrane (b) ion 
recognition membrane.
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of the ion recognition membrane. The surface of the 
ion recognition was dense and the surface roughness 
increased. Furthermore, the topography of the ion rec-
ognition membrane was investigated using SPM. Fig. 5 
shows the 2D for 200 nm and 500 nm size scans of the 
ion recognition membrane. There existed much cone 
conformation in the SPM images; the average radius of 
grains is 20–30 nm. These grains closely arranged on the 
membrane surface, and this may be the results of self-
assembly from the M(d).

3.3. Membrane transport experiment

Ion transport across the grafted membrane was 
studied using a square-shape two-chamber apparatus, 
as described in the Experimental section. In this process 
the concentration difference between two chambers is 
the only driving force. If the membrane was Reverse 
Osmosis membrane, water molecules would transfer 
from receiving phase to feed phase and the height of 

Fig. 3. SEM images of (a) surface of nascent PAN membrane 
(b) surface of ion recognition (c) cross-side of nascent mem-
brane (d) cross-side of ion recognition membranes.

Fig. 4. AFM images of the ion recognition membrane. Fig. 5. SPM images of the ion recognition membrane.
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 the liquid level would change, because of concentration 
difference. If the membrane is micro-fi ltration mem-
brane, the water molecules and aquo-metal ions could 
freely transport, the conductivity would be equal for 
feed phase and strip phase rapidly. However, for the 
non-functional grafted membrane and the functional 
grafted membrane experiments, the height of liquid 
level were never changed in whole experiment time. 
And the conductivity of feed phase was higher than 
that of strip phase too. This phenomenon means that 
the mechanism of the ion recognition membranes in our 
work was complex.

The permeation rates of different alkali metal chlo-
rides are plotted in Figs. 6–8 and the corresponding 
data are as follows. Let us fi rst discuss the permeation 
rates of NaCl across the ion recognition membrane. 
As shown in Fig. 6, the Na+ permeation rate, P value, 
for non-functional grafted membrane and ion recogni-
tion membrane were respectively 3.46×10−6 cm/s and 
40.44×10−6 cm/s. The separation factor afgm/nfgm=11.69 
>1, which confi rmed that ion recognition membrane 
can recognize Na+ and allow the ions across the chan-
nel formed from the M(d) by self-assembly. And the 
P values are clearly higher than the data reported by 
Ali Toutianoush [17]. Their results were not more than 
12×10−6 cm/s for a metal ion channel membranes made 
from calixarene derivative.

In addition, there was a special phenomenon from 
the plot of conductivity versus time for NaCl trans-
port experiment. It was clearly that the plot of conduc-
tivity versus time could be divided into three stages: 
slow-grow stage, fast-grow stage and plateau stage. 
In the fi rst stage, the conductivity enhanced linearly 
versus time. The reasons were that (1) Na+ of the feed 
phase beginning contact with the skin layer of the 
membrane and then combined with calix [4] arene. 
The speed of ions transport was low in this stage, 
Pfgm=12.13×10−6 cm/s. In the second stage, When Na+ 

suffi ciently contacted with the membrane surface, Na+ 
began to sharply diffuse in columnar ion channels. In 
this process, Pfgm=96.24×10−6 cm/s, s increased greatly. In 
the plateau stage, Na+ transport was slow again and the 
P=34.63×10−6 cm/s.

The permeation process for LiCl was shown in Fig. 7. 
For non-functional grafted membrane (Fig. 7a), the rate 
of conductivity increase (snfgm) and Li+ permeation (Pnfgm) 
were 6.9 us/cm and 2.81×10−6 cm/s respectively. For ion 
recognition membrane (Fig. 7b), the rate of conductiv-
ity increase (snfgm) and Li+ ion permeation (Pnfgm) were 
14.9 us/cm and 7.14×10−6 cm/s. So the separation factor 
for Li+ afgm/nfgm=2.54>1, which means the ion recognition 
membrane has the selectivity for Li+, but the perme-
ation rate of Li+ transport was slower. The permeation 
process for KCl was shown in Fig.8. For K+ permeation, 
Pnfgm=1.88×10−6 cm/s and Pfgm=197.68×10−6 cm/s. The K+ 
separation factor afgm/nfgm=105.15 was much larger than 1. 
It proved that M(d) had a great selectivity for K+.

The above results mean that the electrostatic (Don-
nan) rejection of these ions from the equally charged 
parts of the membrane is only weak and becomes even 

Fig. 6. NaCl transport experiments (a) PAA grafted mem-
brane, (b) ion recognition membrane.

Fig. 7. LiCl transport experiments.

Fig. 8. KCl transport experiments. (a) PAA grafted mem-
brane, (b) ion recognition membrane.
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weaker, if the size of the cations increase and the charge 
density decreases. On the other hand, metal ion formed 
hydrated ion in aqueous solution. The radius of Li+ was 
minimum (68 pm), but the hydrated energy of Li+ was 
the maximum, so the action between Li+ and water mol-
ecule was the strongest while K+ was the weakest. So 
the self-diffusion coeffi cients of hydrated ions in water 
DLi(H2O)n+ < DNa(H2O)n+ < DK(H2O)n+.

In addition, for calyx [4] arene, the cone conforma-
tion is most probable. In this conformation, it is espe-
cially suitable for binding K+ rather than Na+ and Li+. 
In further studies, alkali-metal complexation with the 
calyx [n] arenes will be investigated in more detail. 

4. Conclusions

A brand-new kind of alkali metal ion-recognized 
membrane material named poly (styrene-co-allyl 
oxygen)-4-tert butyl-calix [4] arene was synthesized by 
4-tert-butyl calix [4] arene and poly (styrene-co-allyl 
alcohol). Then it was grafted on the surface of PAN 
membrane by UV irradiation, in order to form a func-
tional composite membrane. The function membrane 
material self-assembled columnar structure with spin-
dle cross-section on the surface of PAN membrane. The 
recognition sequence of the functional membrane was 
K+>>Na+>Li+ for alkali metal ion.
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