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Abstract

Poly(p-chloromethyl styrene-ethylene glycol dimethacrylate) polymeric microbeads pGIMS-EGDMA), with an av-
erage size of 18am were synthesized by the suspension polymerization-6MS conducted in an aqueous medium. To
increase the rigidity of the polymeric microbeads, EGDMA monomer was added to polymerization medium in the 25% for
the cross-linking. 1,4,8,11-Tetraazacyclotetradecane ligand was reacted with polymer active groupspFaMasnder a
nitrogen atmosphere for 18 h at 85. The maximum cyclam attachment was found 2.24 mmol/g polymer using an elemental
analyser. Fourier transform infrared (FT-IR) spectrophotometer, thermogravimetric analyser (TGA) and differential scan-
ning calorimeter (DSC) were used to characterize the plain, ligand modified microbeads and metal ion-chelated microbeads.
TGA and DSC characterization of modified microbeads showed that stability of cyclam was increased attaching onto the
polymer and metal ion-chelated form of the cyclam-modified polymer were more stable at high temperature for different
applications.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction solution, such as extraction, precipitation, dialysis, ion
exchange and complexing agent modified polymers,
Removal of toxic metal ions from different water both in microbeads and in membrane fofin-4]. In
sources is very important and useful to clean water recent years, selective metal ion removal has been
sources. Besides the toxic metal ions, separation andwidely carried out using specific ligand modified poly-
enrichment of precious metal ions gained a great im- mers for the pre-concentration of some toxic metal
portance to recover them selectively from the other ions and precious metal iorj5—9]. Some of these
metal ions in the recent years. Various techniques can specific ligands are nitrogen containing cyclic ligands,
be used for the removal of metal ions from aqueous especially for Cu(ll), sulphur containing cyclic lig-
ands for Hg(ll) and Pb(ll), oxygen containing cyclic
mponding author. Tek-90-3122977975; “ganqs fQI’ Pb(I1)[10-13]. Modified POIymers. with
fax: 4.90-3122992163. specific ligands are currently attracting considerable
E-mail addressbekir@hacettepe.edu.tr (B. Salih). attention for a variety of applications in different
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fields [14,15]. The specific ligand bound polymers
are used very conveniently for the pre-concentration
or recovery of precious metal ions such as gold, plat-
inum, palladium and silver. If the concentration of the
precious metal ions are at low concentration in the
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2. Experimental
2.1. Materials

The monomerp-CMS (Aldrich, Milwaukee, WI,

aqueous sample beside the other concentrated metaMSA) and the cross-linker EGDMA (Aldrich, Milwau-
ions, specific ligand bound polymer can be used very k€€, WI, USA) were used without further purification.
efficiently to recover the precious metal ions from Cyclohexane, CH (BDH, Poole, UK) was chosen

the other metal ion§l6,17]. Since the colour of the
polymer varies with the oxidation-state of the metal

as the diluent. Azobisisobutyronitrile (AIBN; BDH,
Poole, UK) was crystallized from methanol and used

ion present in the chelate, the polymer metal chelates @S the initiator. Polyvinyl alcohol (PVAM; 85,000

were also found to act as electrochromic materials 146,000, 87-89%

[18,19]. Using the metal-chelated form of ligand mod-
ified polymer, the stability of different oxidation-state
of metal ion could be increased. In the chelate form
of the polymer, the type and amount of the metal
ion could change some different properties of the
polymer[20].

A polymer—metal complex is a coordination com-
plex resulting from the reaction of a ligand func-
tion anchored on a macromolecular matrix with a
metal ion. The structural environment of the ligand
function is one of the key factors determining the
complexing ability of polymeric ligands with metal
ions [21]. The thermal stabilities of polymer—metal
complexes are modified by the polymer backbone,
degree of cross-linking, the coordination geometry
of the metal centres and ligand structy22,23].
Thermogravimetric analyser (TGA) and differential
scanning calorimeter (DSC) find very wide use in
polymer chemistry. Therefore, a great deal of in-
formation is obtained about their thermal behaviour
[24-27].

Poly(p-chloromethyl styrene-ethylene glycol dime-
thacrylate), poly(pCMS-EGDMA), microbeads were
first prepared by polymerization op-CMS and
EGDMA and then were modified with the spe-

cific 1,4,8,11-tetraazacyclotetradecane ligand. FT-IR,

TGA, DSC, optical micrograph and elemental anal-

yser were used to characterize all types of polymer.

hydrolysed; Aldrich, Buchs,
Switzerland) was the stabilizer. 1,4,8,11-Tetraazacyc-
lotetradecane was purchased from Aldrich (Buchs,
Switzerland) and used as received. Sodium tetrachloro
aureate (NaAu@), nickel nitrate (Ni(NQ)2), cop-

per nitrate (Cu(N@)2) and cobalt nitrate (Co(N§)2)
were purchased from BDH (Poole, England). All
other chemicals were of reagent grade and were
purchased from Merck AG (Darmstadt, Germany).

2.2. Preparation of poly(#CMS-EGDMA)
microbeads

A modified version of suspension polymerization
method proposed by Nonaka et E8] was used for
the preparation of spherical pol{EMS-EGDMA)
beads. A typical preparation procedure was exem-
plified below. Continuous medium was prepared by
dissolving PVA (100 mg) in the distilled-deionized
water (50 ml). For the preparation of dispersed phase,
p-CMS (2.5 ml), EGDMA (0.75ml) and CH (3.6 ml)
were mixed and AIBN (60 mg) was dissolved in the
homogeneous organic phase. The organic phase was
dispersed in the aqueous medium by stirring the mix-
ture magnetically (300rpm) in a sealed cylindrical
pyrex polymerization reactor. The reactor content was
heated to polymerization temperature (i.e.,°C3
within 40 min and the polymerization was conducted
for 8 h with a 300 rpm stirring rate at 7&. Finally,
the beads were washed with ethanol and water several

These specific microbeads were used in the adsorp-times to remove any unreacted monomer or diluent

tion of metal ions, such as Cu(ll), Ni(ll), Co(ll)
and Au(lll), from aqueous solutions. Especially, the
chemical structure of the modified polymer and its
metal complexes were characterized by FT-IR. And
also TGA and DSC were used to investigate the
thermal stabilities of all types of polymer inten-
sively.

and then stored in distilled water @4 °C until use.

2.3. Cyclam attachment onto
poly(p-CMS-EGDMA) microbeads

About 5.00g of poly(pCMS-EGDMA) polymer
was placed in a 200 ml round-bottomed flask with
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60 ml of CHCE and left for 42 h at room temperature. was investigated in batch adsorption experiments.
Then 40 ml of CHG containing 2.50 g of cyclamwas  The effects of the initial concentration of metal ions
slowly added by a dripping funnel and the mixture and the pH of the medium on the adsorption rate
was heated in a water bath with reflux condenser for and capacity was studied. Aqueous metal ion solu-
18 h under nitrogen atmosphere. The resin was filtered tions of 50 ml with different concentrations (in the
off and washed with chloroform, ethanol and water range 0.01-10 mmol) was treated with the cyclam
several times to remove any unreacted cyclam ligand, attached microbeads at different pH values (in the
solvent and the other side products and then stored inrange 1.0-6.5, adjusted with NaOH and HjGat
distilled water at+-4°C until use. A part of the poly-  room temperature, in flasks magnetically agitated at
meric microbeads was dried at 80 in vacuum oven 500rpm. The microbeads were separated from the
for the characterization of all polymeric microbeads. adsorption medium at the end of the each adsorption
experiment, and the remaining concentration of the

2.4. Characterization of poly(&MS-EGDMA) metal ions in the agueous phase was measured by

microbeads and their metal ion complexes an inductively coupled sequential plasma spectrom-
eter (ICP, SHCMADZU, 1000 II Series, JAPAN).

FT-IR spectra of the cyclam, poly(@MS-EGD- The adsorbed metal ion amount was calculated using
MA) microbeads, cyclam-modified poly¢{EGMS-EG- the initial and final metal ion concentrations in the

DMA) and modified polymer—metal ion complexes supernatant after the adsorption experiment.
were obtained using FT-IR spectrophotometer (Nico-

let 520 Model FT-IR Spectrophotometer, USA). About

0.02 g of each sample was thoroughly mixed with 0.1 g 3. Results and discussion

of KBr (IR Grade, Merck, Germany), and pressed into

pellet form. The spectrum was then recorded. 3.1. Characterization of poly(€MS-EGDMA)
TGA curves of cyclam, poly(7CMS-EGDMA), and metal ion-chelated forms of modified
modified polymer and modified polymer—metal ion poly(p-CMS-EGDMA) microbeads
complexes were obtained using a Du Pont model 951
TGA. The mass of the samples was generally in the 3.1.1. Characterization by optical micrograph
range 5-7mg. The sample pan was placed onto the In this study, the suspension polymerization pro-
balance and the temperature raised from 30 to°@0  cedure provided cross-linked poly@MS-EGDMA)
at a heating rate of 1@/min under nitrogen atmo-  microbeads in a spherical form. From BET measure-
sphere at 25 ml/min. The mass of the sample pan wasments, the specific surface area of pohGMS-EGD-
continuously recorded as a function of temperature. MA) beads was found to be 14.%fg polymer[29].
Differential scanning calorimetry curves were ob- Also optical photographs of poly(EMS-EGDMA),
tained using a Du Pont models 910 DSC. About jts modified form and metal ion-chelated forms
5-7mg samples of these hydrogels were analysed atare obtained (data not shown). The wet forms of
a 10°C/min heating rate under nitrogen atmosphere. poly(p-CMS-EGDMA) microbeads are opaque,
DSC was used to obtain thermal stabilities of cy- which is an indication of the porosity in the matrix.
clam, plain microbeads, modified microbeads and However, the colour of the microbeads significantly
polymer—metal ion complexes. The extent of cyclam changed and the colour of the microbeads became
attachment was determined by elemental analysis dark brown, dark blue, green and purple for the
data of the dried samples obtained using an elemental Au(Ill), Cu(ll), Ni(ll) and Co(ll) complexes formed,
analysis device (Leco, CHNS-932, USA). which are a clear indication of the complexation
of the metal ions to the surface structure of the
2.5. Metal ion adsorption to the cyclam-modified poly(p-CMS-EGDMA) microbeads.
poly(p-CMS-EGDMA) microbeads Elemental analysis of cyclam attached microbeads
was carried out, the attachment of cyclam was found
Metal ion adsorption from single metal ion (ni- as 2.24 mmol/g polymer from nitrogen stoichiometry.
trate salts of metal ions were used) aqueous solutionsThis was the maximum attachment value achieved.
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About 1 g of polymer was treated with 1.2 g of cyclam trans stretching of N—H, as also pointed out by the
to obtain this value. chemical structure of the cyclam ligand. These two
Metal ion adsorption capacity of the cyclam-modi- adsorption bands disappeared and a new broad band

fied poly(p-CMS-EGDMA) microbeads used in this appeared when the poly{gMS-EGDMA) beads
study for the characterization of metal ion-chelated were modified with cyclam, as shown iRig. 1C.
microbeads were found as 6.1, 3.7, 2.4 and 1.8 mmol/g The new broad adsorption band in this region was
polymer for Au(lll), Cu(ll), Ni(ll) and Co(ll), re- because of the symmetry change of four N-H func-
spectively. For all metal ions, adsorption pH was 5.0 tional groups on the cyclam ligand and the hydrogen
and adsorption time was 24 h. These conditions were bonding between the other N-H groups on cyclam
found to give maximum metal ion adsorption onto and GO groups on the cross-linker of EGDMA
poly(p-CMS-EGDMA) microbeads following pre- in the polymeric structure. The main change in
liminary experiments and all of the parameters were the FT-IR spectrum of poly(£MS-EGDMA) was
obtained using single aqueous metal ion solutions. the disappearance of C—Cl stretching at 670tm

The selectivity of the cyclam-modified poly{gMS- wavenumber (Fig. 1B). Intensity decreasing of two
EGDMA) microbeads for different metal ions in the bands at 1265cmt (bending of Ar—CH-CI) and
competitive adsorption is under our investigation. 670cnm! (stretching of Ar—CH—CI) responsible for
the chloromethyl group on poly¢EMS-EGDMA)
3.1.2. Characterization by FT-IR confirms the formation of a new C-N bond. This
For the characterization of poly{gMS-EGDMA), result indicates that the cyclam moieties are attached

modified poly(pCMS-EGDMA) with cyclam and to the poly(pCMS-EGDMA) microbeads through
metal ion complexes of the modified polymer, FT-IR covalent C—N linkage.

spectra were recorded and are presenteéign 1. The FT-IR spectrum of gold and copper complexes
In Fig. 1, FT-IR spectra of cyclam, poly(GMS- of the modified polymer is given iRig. 2A and D. As
EGDMA) and cyclam-modified poly(#£MS-EGD- shown inFig. 2A and D, the N-H stretching adsorp-
MA) microbeads were carried out in order to clarify tion band intensity in the range of 3200-3600¢m
the possible structure of all beads. The bands at 3070was decreased dramatically compared to the FT-IR
and 3250 cm? in Fig. 1A were assigned teis and spectrum of cyclam-modified poly¢@MS-EGDMA)

Transmittance

1 1 I 1 I I I 1
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1
Wavenumber/cm

Fig. 1. FT-IR spectra: (A) cyclam ligand, (B) pol{MS-EGDMA), and (C) cyclam-modified polp¢CMS-EGDMA).
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Fig. 2. FT-IR spectra: (A) poly{-CMS-EGDMA)—-Cu(ll) complex, (B) polyg-CMS-EGDMA)-Ni(ll) complex, (C) polyp-CMS-EGDMA)—
Co(Il) complex, and (D) poly¢-CMS-EGDMA)-Au(lll) complex.

polymer. This is the case of complexation of gold cyclam monomer attached to polyGMS-EGDMA),
and copper with N—H groups on the modified poly- the FT-IR absorption bands of the polymeric structure
mer. Also, new adsorption bands at 1595, 1530 and were limited compared to the cyclam ligand absorp-
1180 cnt! were characterized for the gold—polymer tion bands. This is due to a more rigid structure of the
complex. In the case of complexes of the other metal polymer compared to that of the cyclam ligand.

ions (i.e., Cu(ll), Ni(ll) and Co(ll)) with the polymer,

all of the complex structures are similar each other, but 3.1.3. Characterization by TGA

those have a broad band in the range 1230-155G cm For the thermogravimetric analysis of ligand and
that is related to polymer—metal complexes. When the different types of microbeads in this study, cyclam,

Table 1
Phenomenological data of the thermal decomposition of cyclam, pdpS-EGDMA), modified polyp-CMS-EGDMA) and metal
complexes of cyclam-modified poly{CMS-EGDMA)

Polymer/complex Initial decomposition Final decomposition Peak temperature  Mass loss
temperature in TGA, temperature in TGA, in DTG, T (°C) up to
Ti (°C) T (°C) m 600°C (%)
Cyclam 142 235 209 - 98
Poly(p-CMS-EGDMA) 215 620 392 454 83
Cyclam-modified poly(pCMS-EGDMA) 235 555 328 442 87
Cyclam-modified poly(pgCMS-EGDMA)—-Cu(ll) 180 580 281 437 66
complex
Cyclam-modified poly(pCMS-EGDMA)-Ni(Il) 190 520 298 441 80
complex
Cyclam-modified poly(pgCMS-EGDMA)-Co(ll) 210 550 302 449 78
complex
Cyclam-modified poly(pgCMS-EGDMA)-Au(lll) 340 525 - 447 35

complex
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poly(p-CMS-EGDMA), cyclam-modified microbeads 120 -

and polymer—metal complexes were used. In order to 1001 29%C -3
investigate the stability of the ligand and polymer and 801 O
the interaction nature of metal ions onto the modified ¢ 2 3
polymeric microbeads, dynamic and derivative ther- & 9] Z
mogravimetric results were obtained for ligand and En 407 r1 §
all types of polymer. TGA and DTG curves of ligand, 2 201 E
plain and cyclam-modified polymeric microbeads are 0 &
shown inFig. 3. Also initial, final and peak temper- 0

atures with mass losses up to 6@ are given in 2007160 200 300 400 500 00!
Table 1for all species. Decomposition .p.eak tempera- (4 Temperateure/°C

tures of cyclam, plain and cyclam-modified polymeric

microbeads are 209, 392/454 and 328/4@2 De- 120 1.0
composition of cyclam is in single step (Fig. 3A), 1004 454°C los ~
but the decomposition of plain and cyclam-modified 1 g
polymeric beads occur in two steps (Fig. 3B and C). f 80+ 392°C 0.6 &
In this case, there are two monomefjsCMS and T 60l Lo g,,
EGDMA in the polymeric structure. Because of 'gv ’ 2
two different monomers in the polymeric structure, 5 401 0.2
decomposition is taking place in two steps. In the 20: 0.0 2
plain polymeric structure, the decomposition tem-

peratures are about 392 and 484 If cyclam is o 50 40 oo 8o 100'00-2

attached covalently to the polymeric structure, in this
case the degradation temperatures are shifted to 328
and 442C. This shows that stability of the poly- 120 1.2

Temperature/°C

mer is decreased, but this is not a dramatic decrease. | HzeC L1.0
However, first degradation temperature of modified 1
polymer is 119C higher than the degradation tem- £ 80 08 §
perature of cyclam. In this way, cyclam was stabilized £ r0.6 E;
in the polymeric structure after the modification. 5 07 Lo4 =
TGA curves of the modified polymer—metal ion com- & 40 1 328°C os &
plexes are given irFig. 4 in order to examine the 20 -
thermal stability of the species. The thermal stabil- 0.0

ity order of modified polymer—metal ion complexes 0 T . : -0.2
are Cull) < Ni(ll) < Co(ll) < Au(lll) complexes, 0 200 400 600 800
which have 281, 298, 302 and 44C for the first © Temperature/"C

degradation temperatures. Polymer—Au(lll) complex rig. 3. TGA curves of: (A) cyclam ligand, (B) polpéCMS-
showed a single degradation temperature in contrastEGDMA), and (C) cyclam-modified polytCMS-EGDMA).

to the other three metal ion—polymer complexes. This

is due to the nature of the complex structure of the

polymer—Au(lll) complex. In the polymer—Au(lll)  polymer—metal ion complexes are rather stable com-
complex, Au(lll) ion is staying on the exterior surface pared to the cyclam ligand stability in all cases. In the
of cyclam ligand and making an extra interaction with case of Cu(ll), the initial decomposition temperature
the other functional groups in the polymer—Au(lll) decrease is very high and is about°€/ This differ-
complex[30]. But all of the other metal ions, namely ence is because of the reactivity of Cu(ll) with N-H
Cu(ll), Ni(ll) and Co(ll), are in the interior cavity of  groups on the cyclam and the low redox potential of
cyclam ligand because the suitable their ionic radius Cu(ll). If the amount of metal ion loaded onto the
fits inside the ring of cyclam ligand. Nevertheless, poly(p-CMS-EGDMA) was increased with increasing
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Fig. 4. TGA curves of: (A) poly(s)CMS-EGDMA)-Cu(ll) complex, (B) polyp-CMS-EGDMA)-Ni(ll) complex, (C) polyp-CMS-
EGDMA)-Co(ll) complex, and (D) poly{-CMS-EGDMA)-Au(lll) complex.

metal ion concentration in the adsorption medium, the of heat capacity. When the cyclam-modified polymer
first degradation temperature of the polymer—-metal was used, the stability of the modified cyclam was
complexes could be increased. In this case, many increased because of hydrogen bonding in the modi-
degradation and transition temperatures are observedfied polymer (Fig. 5C). The decomposition enthalpy
in TGA curves of polymer—metal complexes (data not of the cyclam-modified polymer is higher than that
shown). This type of study is under our investigation. enthalpy of plain polymeric microbeads. The higher
decomposition enthalpy of cyclam-modified polymer
3.1.4. Characterization by DSC is because of the re-organization after the modifica
DSC was also used as a thermal analysis methodtion and the inter hydrogen bonding capacity of ligand
for the characterization of polymer and its metal ion modified polymer. The hydrogen bonding capacity of
complexesFig. 5A shows the DSC curve for cyclam  cyclam-modified polymer is really high because of
thermal degradation. The melting point of the cyclam the existing of N—H groups on the cyclam angd@
was not observed in our case because of the amor-groups on the EGDMA. That is why the decomposi-
phous structure of this ligand. The degradation of tion enthalpy of plain polymer (17 and 28 J/g) is very
the cyclam leads to an increase of the heat capacity.low compared to the cyclam-modified polymer (76
In this case, the maximum limit is reached at about and 104 J/g). In the DSC curves of metal ion-chelated
193°C, while the final temperature of chemical de- forms of polymer, a transition peak was observed
composition occurs around 22C, with some loss  except for Au(lll)—polymer complex (Fig. 6). lonic
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Fig. 5. DSC curves of: (A) cyclam ligand, (B) pol{CMS-
EGDMA), and (C) cyclam-modified polpytCMS-EGDMA).

radii of Cu(ll), Ni(Il) and Co(ll) fit the cavity of the
cyclam ligand. In the complex, these metal ions are
getting inside the cyclam cavity to form a complex.
But the ionic radius of Au(lll) is much high to fit in
the cyclam cavity. In this case, Au(lll) is complex-
ing with cyclam ligand sticking on the exterior rim
of cyclam. Because of this reason Cu(ll), Ni(ll) and
Co(Il)—polymer complexes are re-organizing at high

C. Kavakli et al./ Thermochimica Acta 398 (2003) 249-258

temperatures and shifted from blue to yellf8@]. But

the same situation is not valid for Au(lll). That is why

a transition peak before degradation was observed in
the case of Cu(ll), Ni(ll) and Co(ll) ion complexes.
When Cu(ll), Ni(ll), Co(ll) and Au(lll) are incorpo-
rated into the modified polymer, the decomposition
enthalpies of metal ion-chelated polymeric forms are
changing (Fig. 6). In the case of Co(ll) and Cu(ll),
decomposition enthalpies are increased comparing to
the cyclam-modified polymer. After Co(ll) and Cu(ll)
were incorporated to cyclam-modified polymer, ad-
dition of the inter hydrogen bonds in the modified
polymer structure would be more stable. However,
Co(ll) and Cu(ll) could be completed the interaction
in the cavity of cyclam on the modified polymer and
re-organized the metal ion—polymer structure. In this
way, Co(ll)- and Cu(ll)-polymer complexes need
more heat to degrade. As can be seen fiaie 2, de-
composition enthalpies of Co(ll)— and Cu(ll)—polymer
complexes are higher than for the cyclam-modified
polymer because of the explanation above. The
maximum degradation enthalpy was observed for
Co(ll)-polymer complex. This is because the coordi-
nation number of six for Co(ll) was completed with
four nitrogen atoms in the cyclam and tweQ groups

on EGDMA in the polymer structure. In the case of
Ni(Il), the degradation enthalpy value is very small
compared to Cu(ll) and Co(ll)-polymer complexes.
The reason is the low complex stability of Ni(ll)
with cyclam-modified polymer. It is also seen from
the DSC curves that the stability of Au(lll)-chelated
form of polymer is less stable than the other metal
ion—polymer complexes. Au(lll) is staying on the exte-
rior surface of the cyclam ligand onto the polymer and
all of the hydrogen bonding in the cyclam-modified
polymer was broken down. Thus, Au(lll)-polymer
complex would be thermally less stable than all the
other type polymersTable 2summarizes glass tran-
sition (Tg) and enthalpy changes for the dissociation
(AHq) values, which were obtained from DSC curves
of all systems investigated. As can be seen from this
table, Ty value is available only for Au(lll)—polymer
complex. In addition, after metal ion chelation, the
stability of the polymer increases and reaches to 411,
419, 427 and 433C for Ni(ll), Co(ll), Au(lll) and
Cu(ll) complexes, respectively. These results are in
conformity with AHy values obtained from DSC
curves.
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Fig. 6. DSC curves of: (A) poly{-CMS-EGDMA)-Cu(ll) complex, (B) polyp-CMS-EGDMA)-Ni(ll) complex, (C) polyp-CMS-
EGDMA)—-Co(ll) complex, and (D) poly{-CMS-EGDMA)-Au(lll) complex.

Table 2
Ty and AHq values obtained from DSC curves for all investigated systems
Resin/complex Glass transition temperature Decomposition enthalpy in
in DSC, Ty (°C) DSC, AHq (J/9)
Cyclam - 419
Poly(p-CMS-EGDMA) - 17/28
Cyclam-modified poly(pCMS-EGDMA) - 76/104
Cyclam-modified poly(pCMS-EGDMA)—-Cu(ll) complex - 267/115
Cyclam-modified poly(pCMS-EGDMA)-Ni(ll) complex - 124/68
Cyclam-modified poly(pCMS-EGDMA)-Co(ll) complex - 243/133
Cyclam-modified poly(pCMS-EGDMA)—Au(lll) complex 224 28

From our thermal analysis studies, we can conclude be used efficiently for the some different applications
that the thermal stability of cyclam-modified polymer at high temperature.
increases after the adsorption of metal ions because
of the strong interactions between modified polymer
and metal ions. In addition, we observed that the ther- 4. Conclusion
mal stability of cyclam on the polymer increases with
different metal ion. These results show that the metal  Cross-linked poly(p.CMS-EGDMA) was synthe-
ion-chelated form of cyclam-modified polymer could sized by the suspension polymerization @fCMS
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conducted in an aqueous medium. 1,4,8,11-Tetraaza- [7] E. Kimura, Y. Kurogi, T. Takahashi, Inorg. Chem. 30 (1991)

cyclotetradecane was reacted with polymer. The

FT-IR spectra for all different type polymers showed
that modification and the metal complexes of the
cyclam-modified polymer could be characterized by
FT-IR spectroscopy. The maximum cyclam attach-
ment was found to be 2.24 mmol/g polymer and
adsorption capacities of the metal ions were very
high. TGA and DSC characterization of modified mi-

4117.
[8] S.K. Srivastava, V.K. Gupta, S. Jain, Analyst 120 (1995) 495.
[9] Z. Brzozka, M. Pietraszkiewicz, Electroanalysis 3 (1991) 855.
[10] C. Kantipuly, S. Katragadda, A. Chow, H.D. Gesser, Talanta
37 (1990) 491.
[11] R.A. Beauvais, S.D. Elexandratos, React. Funct. Polym. 36
(1998) 113.
[12] E. Kimaru, Y. Kurogi, T. Takahashi, Inorg. Chem. 30 (1991)
4117.
[13] S.K. Sirivastava, V.K. Gupta, S. Jain, Analyst 120 (1995) 495.

crobeads showed that stability cyclam was increased [14] A. Bianchi, M. Micheloni, P. Paoletti, Coordin. Chem. Rev.

by attaching cyclam onto the polymer and the metal
ion-chelated forms of the cyclam-modified polymer

were more stable at high temperature for different ap-

plications. Enthalpy values of the metal ion-modified
polymer complexes show the complex stability of

110 (1991) 17.

[15] R.D. Hancock, A.E. Martel, Chem. Rev. 89 (1989) 1875.

[16] M. Iglesias, E. Antico, V. Salvadd, Anal. Chim. Acta 381
(1999) 61.

[17] J.M. Sanchez, M. Hidalgo, V. Salvadd, React. Funct. Polym.
46 (2001) 283.

the species and transition of the complexes could be [18] H.P. Apruna, P. Denisevich, M. Umana, T.J. Meyer, R.

determined by DSC experiments.
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