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ABSTRACT: A series of eighteen 4-vinylpyridine and 4-methyl-49-vinylbipyridine copol-
ymers with different crosslinkers was examined as sorbents for the noble metal ions of
Ag(I), Au(III), Pd(II), and Pt(II) from aqueous solutions. The chelating polymers possess
appreciable sorption selectivity for Au(III) over Ag(I) and for Pd(II) over Pt(II). Binding
abilities of the copolymers toward the noble metal ions vary as the identity of the
chelating heterocyclic amine moiety and the structure of the crosslinkers are altered.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 207–213, 2001
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INTRODUCTION

The recovery of ions of noble metals (e.g., silver,
gold, and the platinides) from waste solutions is
an important economical and ecological problem
that is attracting the ever-increasing attention of
researchers. Polymeric sorbents containing vari-
ous chelating groups have been successfully uti-
lized in noble metal ion separations.1 In particu-
lar, polymers with heterocyclic amines units (e.g.,
pyrazol, piperazine, tetrahydroindole, and benz-
imidazole) exhibit efficient sorption of Pd(II) and
Pt(II) from aqueous solutions.2

Recently, we reported the selective binding of the
hazardous heavy metal ions of Cu(II) and Hg(II) by
a series of new chelating polymers with pyridyl (Py)

and bipyridyl (Bipy) donor groups.3 We envisioned
that the incorporation of such ligands into organic
polymers could also provide efficient sorption of no-
ble metal ions, since Py and Bipy derivatives pos-
sess good complexing abilities for Ag(I), Au(III),
Pd(II), and Pt(II) in solution4 and some derivatives
show high affinity for Pd(II) when immobilized on
silica.5 We now report Ag(I), Au(III), Pd(II), and
Pt(II) sorption from aqueous solutions by 14 previ-
ously prepared (1–14)3 and two new (15 and 16)
4-vinylpyridine (VPy) and 4-methyl-49-vinylbipyri-
dine (MVBipy) copolymers with different dimethac-
rylate crosslinkers (Table I).

EXPERIMENTAL

Materials

Reagent-grade starting materials and solvents
were purchased from commercial suppliers. MES
buffer, 2-[N-morpholino]ethanesulfonic acid hy-
drate, was purchased from Sigma (St. Louis, MO).
The free-radical initiator 2,29-azobisisobutyroni-
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trile (AIBN) from Aldrich (Milwaukee, WI) was
purified by recrystallization from absolute etha-
nol below 40°C in subdued light, dried in vacuo at
room temperature over P2O5, and stored in vacuo
in the dark at below 210°C. MVBipy was pre-
pared by a literature procedure.6 The synthesis of
copolymers 1–14 was reported earlier.3 Anhy-
drous methanol was prepared by refluxing the
reagent-grade solvent for 2–3 h over magnesium
turnings in the presence of iodine followed by
distillation.

Equipment

IR spectra were measured with a Perkin–Elmer
Model 1600 FTIR spectrophotometer. TGA anal-
ysis was performed with a Shimadzu TGA-50
thermogravimetric analyzer with a temperature
increase rate of 10°C/min. A Perkin–Elmer Model
5000 atomic absorption spectrophotometer was
used to determine the metal ion concentrations in
aqueous solutions before and after contact with
the polymer. Elemental analyses were performed
by Desert Analytics Laboratory (Tucson, AZ). The
circulating water bath for temperature control
during polymer syntheses utilized a Lauda Model
B1 thermocouple-controlled heating unit and a
Lauda Model C pump connected to a 2-L glass
container.

Synthesis of 3-Thia-1,5-dipentylene Dimethacrylate
(TDMA)

Methacryolyl chloride (3.42 g, 32.7 mmol) was
added to a 50 mL of diethyl ether and 0.03 g (ca.

1% wt) of the stabilizer hydroquinone in a 150-mL
reaction flask equipped with a reflux condenser,
addition funnel, and calcium chloride drying tube.
A mixture of 3-thia-1,5-pentanediol (2.00 g, 16.4
mol), 25 mL of diethyl ether, and 4.13 g (36.5
mmol) of triethylamine was added dropwise. The
reaction mixture was stirred magnetically for 2 h
at room temperature. Then, 50 mL of water was
added and the mixture was stirred for 5 min. The
organic layer was separated, washed with water
(3 3 50 mL), and dried over MgSO4. The solvent
was evaporated in vacuo at room temperature to
give a yellow oil that was purified by chromatog-
raphy on a short column of alumina with dichlo-
romethane as the eluent to provide 2.80 g (66%) of
TDMA7 as a clear colorless liquid.

IR (neat): n 1731 (CAO), 1632 (CAC), 1161 (C—O)
cm21. 1H-NMR (CDCl3): d 2.00 (s, 6H), 2.85 (t, 4H), 4.35
(t, 4H), 5.20 (s, 2H), 5.60 (s, 2H), 6.10 (s, H).

General Procedure for the Preparation of VPy
and MVBipy Copolymers with TDMA
(15 and 16, respectively)

To 5.00 mL of a methanol–benzene solution (1:1
by volume) in a 34 3 24-cm reaction tube was
added 5.10 mmol of the monomer (VPy or
MVBipy) and the mixture was stirred with a mag-
netic stirring bar until the monomer completely
dissolved. TDMA (10.20 mmol) was added with a
pipette and the mixture was stirred until a solu-
tion was obtained. After this, AIBN (0.050 g) was
added and stirring was continued to provide a
solution that was degassed by the freeze–pump–
thaw method. The solution was frozen with a dry
ice–acetone bath and the reaction tube was evac-
uated with a vacuum pump. The contents of the
tube were allowed to thaw at room temperature.
This procedure was repeated three times. After
this, the reaction tube was partially immersed in
a 60°C water bath and the reaction was allowed to
proceed for 18 h. The solvent was decanted and
the solid was washed three times with 50 mL of
methanol–benzene (1:1 by volume). The product
was dried in vacuo at 100°C for 24 h and ground
with a Wigg-L-BugTM apparatus into a fine pow-
der (,100 mesh).

15: 87% yield. ANAL. Calcd: C, 60.25%; H, 6.92%; N,
2.44%; S, 10.13%. Found: C, 60.25%; H, 7.01%; N,
2.67%; S, 9.73%. 16: 93% yield. ANAL. Calcd: C, 63.81%;
H, 6.69%; N, 4.80%; S, 8.23%. Found: C, 63.76%; H,
6.86%; N, 4.53%; S, 8.15%. IR (KBr): n 1726 (CAO),
1461, and 1144 (C—O) cm-1 for both 15 and 16.

Table I VPy and MVBipy Copolymers with
Different Dimethacrylate Crosslinkers,
CH2AC(CH3)CO2OXOCO2C(CH3)ACH2, at a 2/1
Crosslinker/Chelating Monomer Molar Ratio

Spacer X in the Crosslinker

Chelating Group

Py Bipy

O(CH2)2O 1 8
O(CH2)4O 2 9
OCH2O OCH2O 3 10
O(CH2)6O 4 11

5 12

OCH2CH2OCH2CH2O 6 13
OCH2(CH2OCH2)2CH2O 7 14
OCH2CH2SCH2CH2O 15 16
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Single-species Noble Metal Ion Sorption

A mixture of 50 mg of the polymer and 5.00 mL of
10.0 mM aqueous solution of AgNO3 or KAuCl4 or
a 1.00 mM solution of K2PdCl4 or K2PtCl4 (pH 6.5,
buffer MES) was shaken for 24 h in a 30-mL,
pear-shaped flask at room temperature with a
Burrel wrist-action shaker. The solid was filtered
and the filtrate was analyzed for metal ion con-
tent by atomic absorption spectrophotometry.

Determination of Pd(II) Sorption Constants
for Copolymers 1 and 8

Aqueous solutions (pH 6.5, MES buffer) with dif-
ferent Pd(II) concentrations (2.00–20.0 mM) were
prepared by dilution of a 20.0 mM aqueous solu-
tion of K2PdCl4 with 50.0 mM aqueous KCl solu-
tion. A mixture of 10.0 mg of 1 or 12.5 mg of 8
(20.0 mmol of the chelating groups in each poly-
mer sample) and 5.00 mL of the aqueous K2PdCl4/
KCl solution was shaken for 24 h at room temper-
ature with a Burrel wrist-action shaker. The solid
was filtered and the filtrate was analyzed for
metal ion content by atomic absorption spectro-
photometry. K values were determined from
graphs of 1/a versus 1/CPd.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Copolymers
15 and 16 with Sulfur Atoms in the Spacers

Soft electron acceptors of Ag(I), Au(III), Pd(II),
and Pt(II) are known to possess great affinity for
soft8 sulfur donor atoms. We anticipated that the
introduction of a thioether group into the
crosslinker of Py- and Bipy-containing copoly-
mers would provide additional binding sites for
noble metal ions and provide enhanced noble
metal ion sorption. Therefore, new polymers 15
and 16 (Table I) were prepared by free-radical
copolymerization of VPy and MVBipy, respec-
tively, with TDMA.

TDMA was synthesized earlier in unspecified
yield by transesterification of methacrylic acid
with 3-thia-1,5-pentanediol in the presence of an-
hydrous K2CO3.7 The procedure required a sixfold
excess of methacrylic acid. Our alternative proce-
dure for the synthesis of TDMA in 66% yield is
presented in Scheme 1.

Our previous study3 showed that copolymers
prepared from a 2/1 ratio of dimethacrylate/Vpy
monomers exhibited the most efficient heavy

metal ion binding in a series of copolymers in
which the crosslinker/chelating monomer ratio
was varied from 1 to 8. Therefore, copolymers
1–14 were synthesized with a crosslinker/chelat-
ing monomer ratio of 2.3 Likewise, copolymers 15
and 16 were prepared with two TDMA monomers
for each chelating monomer.

The new copolymers were characterized by IR
spectroscopy and elemental analysis. Disappear-
ance of the vinyl group CAC stretching absorp-
tion in the IR spectra verified complete conversion
of the monomers into the polymeric product.

Thermogravimetric analysis of 15 and 16
showed that these copolymers possess high ther-
mal stability. No polymer decomposition was ob-
served below 300°C.

Noble Metal Ion Separations by VPy and MVBipy
Copolymers 1–16 with Different Dimethacrylate
Crosslinkers

Single-species sorption of silver(I), gold(III), pal-
ladium(II), and platinum(II) from neutral aque-
ous solutions by copolymers 1–16 was studied.
The sorption propensities of the compounds and
their extrapolated selectivities, that is, those cal-
culated from the single-ion experiments, are dis-
cussed below.

Silver(I) and Gold(III) Sorption

As evident from the data presented in Figure 1,
most of the copolymers 1–16 exhibited quite high
levels of Au(III) sorption with appreciable selec-
tivity for Au(III) over Ag(I). In contrast, the sorp-
tion capacities of 1–16 for Ag(I) varied signifi-
cantly as the identity of chelating group was
changed from Py to Bipy. Thus, the Bipy-contain-
ing copolymers [Fig. 1(b)] showed more efficient
Ag(I) binding than that of the related Py-contain-
ing compounds [Fig. 1(a)]. Evidently, a Ag(I) com-
plex with an immobilized bidentate Bipy donor
group is more stable than is that with a monoden-
tate Py unit.

Since Au(III) sorption was conducted from
aqueous KAuCl4 solutions [in contrast to the
sorption of Ag(I) from aqueous nitrate media],
complexation of the former might proceed by a

Scheme 1
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dual mechanism involving both cationic and an-
ionic gold-containing species.4b However, the
mechanistic study of Au(III) sorption by copoly-
mers 1–16 was outside the scope of this study.

The difference in Ag(I) and Au(III) sorption
from aqueous solutions by the copolymers varied
as the crosslinker structure was changed. For
Ag(I) sorption, this tendency was more pro-
nounced. Thus, the binding of Ag(I) by the Py-
containing copolymers 1–5 and Bipy-containing
copolymers 8–12 [Fig. 1(a,b), respectively] de-
creased when the length and branching of the
alkylene chain in the crosslinker were enhanced.
This trend may indicate that each Ag(I) is coordi-
nated by more than one Py (Bipy) group of the
polymer. Then, if the distance between the che-
lating groups is increased and/or bulky substitu-
ents in the spacers cause spatial hindrance for a
metal ion approach to the Py (Bipy) moieties, the
sorption ability of the polymer will be reduced. In

agreement, VPy and MVBipy copolymers with
bisphenol A dimethacrylate as the crosslinker (5
and 12, respectively) exhibited the weakest Ag(I)
sorption from aqueous solution for the polymer
series.

The diminished sorption ability for Ag(I) by
copolymers with long hydrocarbon spacers be-
tween the Py (Bipy) groups improved significantly
when a soft8 sulfur donor atom was introduced
into the crosslinker. Thus, sulfur-containing co-
polymers 15 and 16 showed the most efficient
Ag(I) sorption. The introduction of hard8 oxygen
atoms in the crosslinkers of copolymers 6, 7, 13,
and 14 had a much smaller effect on Ag(I) bind-
ing.

Efficient Au(III) sorption by the Py- and Bipy-
containing copolymers remained almost un-
changed as the length of the aliphatic spacer was
varied, except for copolymer 4. However, low
Au(III) sorption was noted for copolymers 5 and
12 which have branched aromatic hydrocarbon
spacers.

The Au(III) sorption capacities of copolymers
containing sulfur donor atoms (15 and 16) and
oxygen donor atoms (6, 7, 11, and 12) in the
crosslinkers were essentially the same as the high
Au(III) binding levels of copolymers 1–3 and 8–11
that contain no heteroatoms in the spacers. On
the other hand, copolymers 15 and 16 showed
enhanced sorption of Ag(I), as mentioned above.
Therefore, introduction of the soft sulfur coordi-
nation centers in the spacers of copolymers 15
and 16 diminished the Au(III)/Ag(I) selectivities
of these copolymers relative to those of 1–14. This
feature of copolymers 15 and 16 could be a disad-
vantage for their use in noble metal ion separa-
tions.

Pd(II) and Pt(II) Sorption

Data for the sorption of Pd(II) and Pt(II) by copol-
ymers 1–16 are presented in Figure 2. As is
readily apparent, most of the copolymers showed
highly efficient sorption of Pd(II) with discrimina-
tion from Pt(II).

Remarkable Pd(II)/Pt(II) selectivities were ob-
served for the Bipy-containing sorbents [Fig.
2(b)]. Under the experimental conditions, copoly-
mers 10, 11, 13, and 14 provided nearly complete
removal of Pd(II) from an aqueous solution, while
Pt(II) sorption by these polymers was below the
detection limit. In contrast, the analogous Py-
containing copolymers possessed an appreciable
affinity for Pt(II) [Fig. 2(a)] and, therefore, a much
lower sorption selectivity for Pd(II) over Pt(II).

Figure 1 (■) Silver(I) and (h) gold(III) sorptions by
(a) VPy and (b) MVBipy copolymers with different
crosslinkers from aqueous 10.0 mM AgNO3 or KAuCl4
solutions, respectively.
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Levels of Pd(II) and Pt(II) sorption by Py-con-
taining copolymers 1–4 decreased as the length of
the aliphatic hydrocarbon chain in the crosslinker
increased. In contrast, highly efficient Pd(II) sorp-
tion by the analogous Bipy-containing compounds
was insensitive to the length of the hydrocarbon
spacer. We postulate that this dissimilarity arises
from differing compositions of the Pd(II) com-
plexes formed by immobilized Py and Bipy che-
lating groups. Thus, we propose that with the Vpy
copolymers each Pd(II) prefers to be coordinated
by two monodentate Py units, while with the
MVBipy copolymers 1:1 metal-to-Bipy complexes
are formed.

Use of branched bisphenol A dimethacrylate as
a crosslinker in copolymer 5 resulted in complete
loss of both the Pd(II) and Pt(II) binding ability.
An analogous dramatic effect of the branched
spacer on the Pd(II) sorption capacity was ob-
served for the related Bipy-containing copolymer

12. However, it is surprising that copolymer 12,
despite anticipated steric hindrance for metal ion
complexation, retained a moderate Pt(II) sorption
ability. Therefore, 12 is the only copolymer which
exhibits sorption selectivity for Pt(II) over Pd(II).

The VPy copolymers 6 and 7 with oxygen at-
oms in the crosslinkers and sulfur-containing 15
exhibited significantly greater sorption of Pd(II)
and Pt(II) relative to that of 3 and 4 which contain
no heteroatoms in their long hydrocarbon spacers
[Fig. 2(a)]. For 6 and 7, this result was unex-
pected since coordination of soft Pd(II) and Pt(II)
coordination with hard8 ether oxygen donor at-
oms is unusual. Probably, with an oxygen atom in
the crosslinker, it may coordinate K1 of the
K2PdCl4 (K2PtCl4). This reaction would be accom-
panied by ion-pairing with the platinide-contain-
ing anion and thereby increase the overall Pd(II)
or Pt(II) uptake from an aqueous solution.

Unlike the Py-containing copolymers, intro-
duction of hard8 oxygen donor atoms in the
crosslinkers of the Bipy-containing analogs 13
and 14 did not alter the binding ability of these
copolymers for Pd(II) and Pt(II) relative to that of
copolymers 10 and 11 which have long-chain
spacers, but no heteroatoms. The long spacer-
containing copolymers 10, 11, 13, and 14 did not
detectably sorb Pt(II) from the aqueous solution,
in contrast with copolymers 8 and 9 in which the
Bipy units are separated by shorter crosslinkers.
This observation suggests that Pt(II) sorption by
the Bipy-containing copolymers may proceed via
1:1 metal-to-Bipy complexation, as assumed (vide
supra) for Pd(II) binding. If this were the case, the
level of Pt(II) sorption will decrease when the
distance between the chelating groups is en-
hanced, unless a soft8 donor atom is incorporated
into the crosslinker. Indeed, copolymer 16 with a
soft sulfur donor atom in the spacer exhibited a
dramatic increase of Pt(II) sorption relative to
that observed for all of other Bipy-containing co-
polymers [Fig. 2(b)]. However, the enhanced com-
plexing ability of 16 for Pt(II) results in the loss of
the very high Pd(II)/Pt(II) selectivity that is char-
acteristic for this series of chelating polymers.

Determination of Pd(II) Sorption Constants for the
VPy and MVBipy Copolymers with Ethylene
Glycol Dimethacrylate

For quantitative characterization of the complex-
ing ability of immobilized Py and Bipy chelating
groups for Pd(II), copolymers of ethylene glycol
dimethacrylate with VPy and MVBipy (1 and 8,

Figure 2 (■) Palladium(II) and (h) platinum(II)
sorptions by (a) VPy and (b) MVBipy copolymers with
different crosslinkers from aqueous 1.00 mM K2PdCl4
or K2PtCl4 solutions, respectively.
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respectively) were chosen. In these copolymers,
the heterocyclic amine units are separated by
short ethylene spacers and, thus, may form com-
plexes with different metal-to-ligand stoichiome-
tries. Also, copolymers 1 and 8 do not contain any
donor centers in the crosslinkers that could inter-
fere with Pd(II) binding by the Py and Bipy moi-
eties.

With excess Cl2, Pd(II) is present in aqueous
solution mostly as [PdCl3]2 and [PdCl4]22 anionic
species which interact with Py and Bipy groups
immobilized in the polymer surface (Lim) in ac-
cord with the following equation:

@PdCln12#aq
n2 1 mLim 5 @Lm~PdCl2!#im 1 nClaq

2 (1)

where n 5 1 or 2 and the same values are as-
sumed to be the most probable for m. Determina-
tion of the complex stability constant as the equi-
librium constant for eq. (1) is quite complicated.
However, Pd(II) sorption by 1 and 8 may be char-
acterized by the conventional Langmuir equation:

u 5 a/a` 5 KCPd/~1 1 KCPd! (2)

where u is the relative metal loading of the sor-
bent; a and a`, the observed and maximal adsorp-
tion values [e.g., numbers of moles of Pd(II) spe-
cies sorbed by the polymer sample), respectively;
K, the sorption constant; and CPd, the equilibrium
Pd(II) concentration in the aqueous solution.
Equation (2) is easily transformed into eq. (3):

1/a 5 1/a`~1 1 1/KCPd! (3)

The values of a` and K may be determined from a
plot of 1/a versus 1/CPd. The maximal metal-to-
ligand stoichiometry for sorption is evaluated as
a`/NL, where NL is a number of moles of chelating
groups in the polymer sample.

As calculated from the elemental analyses da-
ta,3 copolymers 1 and 8 contained 2.00 and 1.60
mmol/g of chelating groups, respectively. For the
Pd(II) sorption studies, samples of 1 and 8 with
NL 5 20.0 mmol were utilized. The sorption data
are presented in Figure 3.

The monotonous curves of a versus NPd/NBipy
[Fig. 3(a)], where NPd is the number of moles of
Pd(II) in the aliquot of an aqueous solution, with
NPd . NPy, become linear in a plot of 1/a versus
1/CPd [Fig. 3(b)]. From these graphs, values of the
maximal Pd(II) adsorption, sorption constant,
and maximal sorption capacity of the copolymers

1 and 8 [e.g., the maximal number of moles of
sorbed Pd(II) per gram of sorbent, cm] were calcu-
lated (Table II).

With NPd . NPy, both of the copolymers were
found to bind Pd(II) as 1:1 complexes. The K value
determined for the Bipy-containing 8 was about
as twice large as that for the Py-containing 1.
Since the constant for complexation-based metal
ion sorption determined from the Langmuir equa-
tion (eq. 2) may be considered analogous to the
stability constant of the corresponding complex,9

the binding strength of Pd(II) with monodentate
Py immobilized in 1 is only approximately one-
half that for the analogous complex formed by
bidentate Bipy incorporated into copolymer 8.

CONCLUSIONS

A series of chelating copolymers containing Py
and Bipy groups separated by spacers with differ-
ing structures are found to be efficient noble

Figure 3 Dependence of (a) a versus NPd/NL and (b)
1/a versus 1/CPd for Pd(II) sorption by copolymers (F) 1
and (E) 8.
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metal ion sorbents that possess selectivity for
Au(III) over Ag(I) and for Pd(II) over Pt(II). The
binding abilities of the copolymers toward the
noble metal ions vary as the crosslinker structure
and chelating group identity were changed in the
copolymer. New VPy and MVBipy copolymers
with TDMA containing a sulfur donor atom in the
spacer possess enhanced sorption capacities for
Ag(I), Au(III), Pd(II), and Pt(II). However, they
exhibited diminished selectivities relative to
those of analogous copolymers with no heteroa-
toms in the crosslinker.
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Table II Pd(II) Sorption from Aqueous K2PdCl4 Solutions by VPy and MVBipy Copolymers with
Ethylene Glycol Dimethacrylate

Copolymer
Chelating

Group

Maximal Pd(II)
Adsorption, a`

(mmol)

Maximal Sorption
Stoichiometry,

a`/NL

Sorption Constant,
K (L/mol)

Maximal Sorption
Capacity, cm

(mmol/g)

1 Py 1.92 3 1022 0.96 8.74 3 102 1.92
8 Bipy 2.08 3 1022 1.04 1.59 3 103 1.66
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