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Submicro-polymer particles bearing imidazoline-2-selenone: dual mode
adsorbents with color-sensing for halogens and mercury ions†
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Submicron-sized polymer particles (PSE) containing imidazoline selenones were prepared by co-

polymerization of styrene derivative (MSE) bearing an imidazoline selenone moiety with 1,4-

divinylbenzene (DVB). The size and chemical composition of PSE were controlled by changing the

stoichiometric ratios ofMSE to DVB. The physical and chemical properties of PSE were characterized

by SEM, EDS and elemental analysis. PSE showed an interesting reactivity towards halogens with

vivid color-change from white to red-orange, which is attributed to the reaction of selenium in

imidazoline-2-selenone with halogens. Acid treatment of PSE generated the hydrophilic red-orange

colored particles (PSEA) which showed very selective adsorption properties towards mercury ions with

color change to pale yellow. To figure out the origin of color change, model studies were conducted

using 1,3-dimethyl-imidazoline-2-selenone. The dimerization of 1,3-dimethyl-imidazoline-2-selenone

through Se–Se bond formation by acid-treatment resulted in color change from colorless to red-orange.

The coordination-induced cleavage of the Se–Se bond of the dimerized species by mercury ions resulted

in color change from red-orange to pale yellow. These observations indicate that hydrophobic PSE and

hydrophilic PSEA are efficient systems for adsorption of halogens and mercury ions with a vivid color-

detection.
Introduction

Selenium chemistry has attracted the continuous attention of not

only synthetic chemists but also biochemists and material scien-

tists.1–3 Selenium and its derivatives can be used as catalysts or

reagents in the development of new synthetic methodologies1 and

selenoproteins play an important role in diverse biosystems.2

Additionally, selenium and selenium-containing inorganic mate-

rials have been applied to energy and display devices.3 Concom-

itantly, there have been extensive studies on organoselenium

chemistry.4

As a recent example of an organoselenium system, 1,3-disub-

stituted imidazoline-2-selenones have shown very interesting

reactivity.5The selenium canbe easily introduced at the 2-position

of the imidazole ring via treatment of disubstituted imidazolium

salts with a base and sequential reactionwith elementary selenium
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(Scheme 1). The selenium in imidazoline-2-selenone is quite

nucleophilic and exhibits good reactivity towards electrophiles.5

In addition, it can be used as a coordination mode for transition
Scheme 1 Synthesis of monomer (MSE) and polymer particles (PSE)

having imidazoline-2-selenone moieties.

This journal is ª The Royal Society of Chemistry 2011
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metals.6 Moreover, this imidazoline-2-selenone chemistry has

been applied for specific purposes. For example, our research

group has studied the reactivity of imidazoline-2-selenone as

a selenide source in the synthesis of semiconductingmetal selenide

nanomaterials.7 In recent literature, imidazoline-2-selenones have

been applied to biochemical systems with focus upon thyroid

hormone synthesis as potential anti-hyperthyroid drugs.5d

Recently, there has been great progress in size-control tech-

nology and now, many nano- or micro-material scientists are

recognizing that more effort should be put forth for new practical

applications based on the accumulated knowledge. Our research

group has studied the development of functional nano- or micro-

materials bearing the molecular units.8 In this work, we report on

the synthesis, control of chemical properties of the submicron-

sized polymer particles having imidazoline-2-selenones, and their

applications in color sensing of halogens or metal ions in aqueous

solution.
Experimental section

Instruments

The SEM images and EDS data were obtained by FE-SEM

(JSM6700F). 1H NMR and 13C NMR spectra were recorded on

Varian (300 MHz) spectrophotometers. Elementary analysis was

performed on a CE EA1110 elementary analysis instrument.

X-Ray photoelectron spectra (XPS) were measured with an

incident beam energy of 400 eV and an emission angle of 0� at

a vacuum ultraviolet beamline (BL-4B1) connected to an undu-

lator of the synchrotron radiation source at the Pohang Light

Source (PAL) in Korea. The end station is equipped with a high-

resolution electron analyzer (SES-R3000, Gamma Data, Swe-

den). ICP-atomic emission spectroscopy (AES) experiment was

performed by Shimadzu ICPS-1000IV. The single-crystal X-ray

diffraction data were collected with Bruker SMART APEX II.
Synthetic procedure for the preparation of monomer MSE

In a 50 mL Schlenk tube, 4-vinylbenzylbromide (4.2 mL,

30 mmol) and N-methylimidazole (2.0 mL, 25 mmol) were dis-

solved in chloroform (10 mL). After refluxing overnight, the

product was isolated by extraction with water. Evaporation of

water resulted in formation of a pale-yellow solid. 1H NMR (300

MHz, D2O) d ¼ 8.69 (s, 1H), 7.47 (d, J ¼ 8.1 Hz, 2H), 7.38

(s, 2H), 7.31 (d, J ¼ 8.1 Hz, 2H), 6.72 (dd, J ¼ 18, 10 Hz, 1H),

5.81 (d, J¼ 18 Hz, 1H), 5.30 (d, J¼ 10 Hz, 1H), 5.28 (s, 2H), 3.81

(s, 3H) ppm match well with those in literature.9 The salt (5.0 g,

21 mmol) was dissolved in methanol (50 mL). Then, K2CO3 (14.7

g, 106 mmol) and selenium powder (5.0, 64 mmol) were added

and the reaction mixture was stirred at room temperature over-

night. After evaporating the methanol, the product (MSE) was

extracted using methylene chloride. After evaporating the

solvent, the white product was purified by recrystallization using

hexane and methylene chloride. 1H NMR (300MHz, CDCl3) d¼
7.37 (d, J ¼ 8.1 Hz, 2H), 7.31 (d, J ¼ 8.1 Hz, 2H), 6.85 (d, J ¼
2.4 Hz, 1H), 6.75 (d, J ¼ 2.4 Hz, 1H), 6.70 (dd, J ¼ 18, 11 Hz,

1H), 5.72 (d, J ¼ 18 Hz, d), 5.30 (s, 2H), 5.21 (d, J ¼ 11 Hz, 1H),

3.67 (s, 3H) ppm 13C NMR (75 MHz, CDCl3) d ¼ 155.7, 137.0,

135.7, 134.6, 128.1, 126.2, 119.9, 118.1, 114.1, 52.4, 36.8 ppm.
This journal is ª The Royal Society of Chemistry 2011
Elementary analysis, calcd (%) for C13H14N2Se: C 56.32, H 5.09,

N 10.10; found: C 56.33, H 5.09, N 10.13.
Preparation of polymer particles PSE

MSE (0.90 g, 3.3 mmol) and 1,4-divinylbenzene (DVB, 0.20 mL,

1.4 mmol) were dissolved in toluene (6 mL). Ethanol (60 mL) was

then added to the reaction mixture and the solution was vigor-

ously stirred at 60 �C for half an hour to form a sub-

microemulsion, followed by addition of AIBN (0.16 g,

0.95 mmol) in 5 mL ethanol. After 24 hours, a white precipitate

was formed in the solution, retrieved by centrifugation, washed

with ethanol several times, and dried under vacuum.
Adsorption of halogens by PSE

PSE3 (0.10 g) was treated with 0.10M halogen (10 mL) in hexane

for an hour. The resultant particles were washed with hexane five

times and dried under vacuum.
Preparation of hydrophilic particles PSEA

PSE3 (0.60 g) was treated with 1.0 M HCl (20 mL) for 24 hours

at room temperature. The resultant product was retrieved by

centrifugation, washed using water and dried under vacuum.
Adsorption of transition metal ions by PSEA

PSEA (50 mg) was added to the model solution (33 mL) con-

taining Cr3+ (119 ppm), Mn2+ (132 ppm), Fe3+ (124 ppm), Co2+

(130 ppm), Ni2+ (128 ppm), Cu2+ (127 ppm), Zn2+ (131 ppm), Pb2+

(133 ppm) and Hg2+ (88 ppm). The solution was stirred for 3

hours at room temperature. The particles were retrieved by

centrifugation and the remaining solution was analyzed by ICP–

AES.
Preparation of model compounds

M2 (0.10 g, 0.57 mmol) was prepared by the method reported by

our group,8d dissolved in water (10 mL) and then treated with

aqueous solution of HgCl2 (0.40 g, 1.48 mmol in 10 mL water) to

form crystalline solids (Hg–SE). 1H NMR (300MHz, DMSO-d6)

d ¼ 7.60 (s, 4H), 7.69 (s, 12H) ppm; 13C NMR (75 MHz, DMSO-

d6) d¼ 138.1, 123.9, 37.6 ppm. Elementary analysis, calcd (%) for

C10H16N4Se2Hg2Cl4: C 13.45, H 1.81, N 6.27; found: C 13.45, H

1.76, N 6.22. Benzyl analogue ofHg–SE in Fig. 6c: 1HNMR (300

MHz, DMSO-d6) d ¼ 7.76 (s, 2H), 7.74 (s, 2H), 7.36–7.33 (brs,

10H), 5.42 (s, 4H), 3.80 (s, 6H) ppm; 13C NMR (75 MHz,

DMSO-d6) d ¼ 140.6, 135.3, 128.8, 128.2, 127.9, 124.3, 122.7,

52.9, 37.6 ppm; Crystallographic data: CCDC# 745623, mono-

clinic, P21/c, a ¼ 8.858(4), b ¼ 16.147(8), c ¼ 10.691(4) �A, b ¼
111.088(17)B, V ¼ 1427(1) �A3, rcalc ¼ 2.433 mg m�3, complete-

ness 97.3%, GOF ¼ 0.910 T ¼ 293(2) K; Rint ¼ 0.1355, final R1

(I > 2s(I)) ¼ 0.0536, wR2 ¼ 0.1052.
Results and discussion

For the synthesis of submicron-polymer particles containing the

1,3-disubstituted imidazoline-2-selenone, we designed and

prepared the monomer MSE, as shown in Scheme 1.
Polym. Chem., 2011, 2, 2512–2517 | 2513
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Fig. 1 SEM images of polymer particles (PSE) prepared using 3.3 mmol

MSE and 0.40 (a), 0.30 (b), 0.20 (c) and 0.10 mL (d) of DVB.
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N-Methylimidazole was heated with 4-vinylbenzylbromide to

form the imidazolium salt that was further reacted with excess

selenium powder after treatment with base at room temperature.

White monomeric MSE was isolated by column chromatog-

raphy in high yield. Recently, there have been great advances in

the size-controlled synthesis of polystyrene particles.10 Usually,

the relatively less polar organic monomers form the micro-

emulsions in polar solvents such as water and alcohols. The

polymerization can be initiated by a radical generator such as

azobisisobutyronitrile (AIBN). In a typical synthetic procedure

of polymer particles bearing imidazoline-2-selenone (PSE), the

monomer MSE was dissolved in toluene. To this solution was

added 1,4-divinylbenzene (DVB) to induce cross-linking. Then,

ethanol was added to the reaction mixture and the solution was

stirred vigorously to form microemulsions at 60 �C. Finally,

AIBN in ethanol was added. After 24 hours, a white precipitate

was retrieved by centrifugation, washed several times with

ethanol and dried under vacuum (see the Experimental section

for detailed procedure).

To control the size and composition of the polymer particles,

the relative ratios of monomer MSE to DVB were screened.

Table 1 summarizes the reaction conditions used. The sizes of

particles could be controlled with a narrow size distribution by

screening the amount of DVB with a fixed amount of MSE,

whereby the amount of DVB was gradually reduced from 0.40

(PSE1) to 0.10 mL PSE4) by 0.10 mL increments. Fig. 1 shows

typical scanning emission microscopy (SEM) images of the

resultant polymer particles PSE1, PSE2, PSE3 and PSE4.

As the amount of DVB increased, average size of polymer

particles decreased from 1.01 mm to 710 nm, possibly due to the

shrinking of polymer chains by the increased cross-linking

(Table. 1).11 The molar contents of selenium in polymer particles

gradually increased by using the monomer solutions with higher

molar ratios of MSE to DVB. Qualitatively, the trend of sele-

nium content in polymer particles was analyzed by energy

dispersive X-ray spectroscopy (EDS) analysis. Quantitatively,

based on the elementary analysis of nitrogen content in polymer

particles, the molar percent of imidazoline-2-selenone moieties

could be calculated as 53 (PSE1), 57 (PSE2), 63 (PSE3) and

77 mol% PSE4) respectively.12

Selenium in 1,3-dimethylimidazoline-2-selenone has a good

reactivity toward halogens to form T-shaped halogen adducts

with color change from colorless to red-orange.5a Also, halogen

can induce the dimerization of the selenone moiety to form ionic

species.5c To test the reactivity of PSE toward halogens, the
Table 1 Synthesis of polymer particles (PSE) containing the imidazo-
line-2-selenone moietiesa

MSE/g DVB/mL Sizeb/mm Sec (wt%)

PSE1 0.90 0.40 0.71 20.0
PSE2 0.90 0.30 0.74 21.1
PSE3 0.90 0.20 0.89 22.4
PSE4 0.90 0.10 1.01 24.9

a Reaction conditions: the reaction mixture of MSE, DVB, toluene (6
mL), AIBN (50 mg) and ethanol (65 mL) was stirred at 60 �C for 24
hours. b Average sizes were obtained by measuring 372, 372, 215 and
218 particles. c Weight% values were calculated based on the nitrogen
contents obtained from elementary analysis.

2514 | Polym. Chem., 2011, 2, 2512–2517
prepared particles, PSE3 (0.10 g) was treated with 10 mL of 0.10

M I2, Br2 in hexane and 1 atm Cl2 gas for an hour and washed

with organic solvent. The color of particles was changed from

white to red (iodine) and yellow (bromine and chlorine) (Fig. 2).

In a control experiment, the 750 nm sized particles prepared

using styrene and DVB maintained the original white color after

the same treatment of iodine and washing. The amount of

adsorbed halogens was estimated up to 0.730 g (2.87 mmol) of I2,

0.539 g (3.37 mmol) of Br2 and 0.196 g (2.76 mmol) of Cl2 per

gram of PSE3 by measuring the mass change of the particles

after washing with hexane five times and drying under vacuum

for several hours. The results indicate that the prepared PSEs are

a highly efficient system for color-detection of halogens and

adsorption for environmental reasons.

Next, we tested the polymer particles as adsorbents for tran-

sition metals in aqueous solution. The polymer particles (PSE)

showed relatively poor adsorption behavior for transition metal

ions in water, possibly due to the hydrophobic properties of

particles. It was recently reported by our group that the reaction

of 1,3-dimethylimidazoline-2-selenone (M1) with acids such as
Fig. 2 The reaction of PSE3 with halogens and their photographs

before and after treatment of halogens.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 X-Ray photoelectron (Se 3d orbital) spectra of PSEA, PSE3,M1

(1,3-dimethyl-imidazoline-2-selenone) and M2 which were measured

using synchrotron radiation with an incident beam energy (hn) of 400 eV

and an emission angle (qe) of 0�. The black solid lines denote the

smoothed spectra as a guide.
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hydrochloric acid resulted in formation of the red-orange colored

dimerized salt (M2, see the compound in Fig. 3b).8d Thus, it can

be speculated that acid-treatment of PSE would imbue the

polymer particles with hydrophilic properties due to the gener-

ated ionic character (Fig. 3). In this regards, polymer particles

(PSE3) were treated with 1.0 M hydrochloric acid solution for 24

hours to form water-dispersible red-orange colored particles

(PSEA) (see the Experimental section for detailed procedure).

The change in the electronic surroundings of the selenium atom

by reaction could be monitored by X-ray photoelectron spec-

troscopy (XPS) using synchrotron radiation. Fig. 4 compares the

XPS spectra of the original polymer particles (PSE) and acid-

treated particles (PSEA) with model compounds, 1,3-dimethy-

limidazoline-2-selenone (M1) and imidazolium diselenide

compound (M2). After treatment of polymer particles with acid,

the Se 3d orbital peak was shifted from 54.4 to 55.2 eV, which

matched well with those of model compounds (Fig. 4).

The water-dispersible polymer particles PSEA were applied as

adsorbents for the selective removal or recovery of transition

metal ions in aqueous solution. It was speculated that the soft

selenium coordination mode would be suitable for adsorption for

chalcogenphilic metals such as toxic Hg2+ or Pb2+. The adsorp-

tion selectivity for Hg2+ and Pb2+ was tested in a mixture of 3rd

row transition metals (Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+).

The model solution containing Cr3+ (119 ppm), Mn2+ (132 ppm),

Fe3+ (124 ppm), Co2+ (130 ppm), Ni2+ (128 ppm), Cu2+ (127 ppm),

Zn2+ (131 ppm), Pb2+ (133 ppm) and Hg2+ (88 ppm) was prepared

by dissolving diverse metal chlorides in water. This solution (33

mL) was then treated with 50 mg of the PSEA for 3 hours at

room temperature and directly analyzed via inductively coupled

plasma atomic emission spectroscopy (ICP-AES). As shown in

Fig. 5a, PSEA showed excellent adsorption selectivity toward

toxic Hg2+ ions. In addition, according to the energy dispersive

X-ray spectroscopy (EDS) analysis, the Hg was only detected in

the resultant particles. The maximum absorption amount for

Hg2+ was estimated up to 0.110 g (Hg2+) per gram of PSEA.13

Interestingly, the reaction of PSEA with Hg2+ resulted in vivid

color change of particles from reddish orange to pale yellow
Fig. 3 The reaction of polymer particles bearing imidazoline-2-selenone

moieties (PSE3) with acid to form hydrophilic polymer particles (PSEAs)

(a) and its mode reaction with 1,3-dimethylimidazoline-2-selenone (b).

This journal is ª The Royal Society of Chemistry 2011
(Fig. 5b). In contrast, after treatment of the other metal ions

(Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+ and Pb2+), PSEA

maintained the original color. To figure out the origin of color

change and the formed mercury species on particles, we
Fig. 5 Selective adsorption of Hg2+ from a mixture of transition metal

ions (Cr3+ (119 ppm), Mn2+ (132 ppm), Fe3+ (124 ppm), Co2+ (130 ppm),

Ni2+ (128 ppm), Cu2+ (127 ppm), Zn2+ (131 ppm), Pb2+ (133 ppm) and

Hg2+ (88 ppm)) by PSEA (the values are an average of three measure-

ments) (a) and photographs showing the selective color change of PSEA

by reaction with Hg2+; before adsorption, after treatment with 0.1 M

mixture of Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+ and Hg2+, after

treatment with each metal ions (b).

Polym. Chem., 2011, 2, 2512–2517 | 2515
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conducted the model reaction as shown in Fig. 6b. First, the red-

orange compound (M2 in Fig. 3b) was formed by acid (HCl)

treatment of 1,3-dimethylimidazoline-2-selenone.8d Second,

when red-orange M2 was reacted with HgCl2, white-colored

solids (Hg–SE) were immediately formed. Although the quality

of X-ray diffraction data of the crystalline Hg–SE was not

sufficient to be reported, single-crystal X-ray analysis showed the

coordination of mercury ions to selenium in 2-selenone through

the breaking of the weak Se–Se bond of M2. The similar Se–Se

bond cleavage by Pt2+ was characterized by our group (Fig. 6b).8d

Single-crystal X-ray structure of benzyl analogue of Hg–SE

formed by same reaction is shown in Fig. 6c. Considering these

observations, the color change and selective adsorption of PSEA

are attributed to the coordination-induced cleavage of weak Se–

Se bonding.

Surprisingly, PSEA showed nearly no interaction with Pb2+

ions (Fig. 5a). Recently, selective recovery of platinum ions from

conventional metal ion mixtures has become an important issue
Fig. 6 Comparison of adsorption ability for Hg2+(95 ppm) and Pt2+

(92 ppm) against Pb2+ (95 ppm) by PSEA (a) and the model reactions of

Hg2+ and Pt2+ adsorption by PSEA (b) and X-ray structure of benzyl-

analogue of Hg–SE (c).

2516 | Polym. Chem., 2011, 2, 2512–2517
due to the limited amount of platinum and the recent increased

use in car devices.14 In particular, the selectivity for platinum ions

against Pb2+ is important because lead is a common metal in

a plethora of devices.15 Thus, we tested the adsorption selectivity

toward Hg2+, Pt2+ and Pb2+ by changing the amount of PSEA.

As shown in Fig. 6a, the preference for adsorption was in the

order of Hg2+ [ Pt2+ [ Pb2+, indicating that Hg2+ can be

removed with a small amount of PSEA in advance, followed by

the isolation of Pt2+ without significant adsorption of Pb2+. In

addition, it is noteworthy that toxic Hg2+ is not a common

material in car devices.

Conclusions

Submicron-sized polymer particles bearing imidazoline-2-sele-

none have been prepared by polymerization with MSE and

DVB. The size and composition of the particles could be

controlled by changing the reactant concentration. These parti-

cles have been applied as color-sensing adsorbents for halogens

or mercury ions in aqueous solution after treatment with acid.

This work effectively demonstrates the application of imidazo-

line selenone chemistry to material science.
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