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ABSTRACT: Several small molecule cyclotriphosphazenes and high polymeric poly(or-
ganophosphazenes) with methylthio groups (CH3SR) have been synthesized:
[NP(OCH2CH2SCH3)2]n (n 5 3, 1; n 5 15,000, 5); [NP(OCH2CH2CH2CH2SCH3)2]n (n
5 3, 2; n 5 15,000, 6); [NP(OCH2CH2CH(SCH3)CH2CH2CH3)2]n (n 5 3, 3; n 5 15,000,
7); and [NP(OCH2C6H4SCH3)2]n (n 5 3, 4; n 5 15,000, 8). Both series of compounds
possess multiple thioether coordination sites for potential binding to metals. The
methylthioethoxide substituent readily oxidizes to the sulfoxide derivatives in the
presence of peroxides. All the phosphazenes were characterized by 1H-, 13C-, and
31P-NMR spectroscopy and elemental analysis, and the small molecule cyclotriphos-
phazenes were examined by mass spectrometry. Gel permeation chromatography
(GPC) and differential scanning calorimetry (DSC) were also employed to characterize
the polymers. Metal complexation and extraction capabilities of both the small molecule
and polymeric systems are described. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78:
650–661, 2000
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INTRODUCTION

A need exists to develop coordination polymer
systems that complex and remove metals.1,2

Widespread applications for such materials are
foreseen in areas as diverse as water pollution
control, medicine, veterinary science, and extrac-
tion of precious metals.2–4 A number of chelating
ion exchangers are commercially available, in-
cluding polyamines, aminophosphonic acid, and
dithiocarbamic acid derivatized polymers. These

are useful in waste water treatment, ocean min-
ing of precious metals, and purification of mining
effluent. Chelating ion exchangers operate under
the same principles as classical ion exchangers.
However, chelation of a transition metal is known
to enhance the stability of the complex and, in
some cases, results in greater ion selectivity.5–7

Coordination to metals can also play a role in
polymer to metal adhesion.

Metal-coordination polymers should have some
or all of the following properties: (1) stability to
synthetic and fabrication processes, (2) coordina-
tion or chelation ability unhindered by the poly-
mer substrate, (3) strong metal binding, (4) selec-
tivity, (5) capability of resin formation, and (6)
recovery of metal and exchanger.2 Ideally, a small
molecule model system should also be available to
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assist in the elucidation of complexation mecha-
nisms at a fundamental level. Polymers that form
very stable coordination complexes with metal
ions are not useful as ion exchangers or extraction
materials because the metals cannot easily be
removed from the polymer substrate. However,
stable macromolecular coordination compounds
have been used as polymeric substrates for heter-
ogeneous and homogeneous catalysis,8–13 and as
nucleation sites for inorganic crystals and metal
nanoclusters,13–15 and strong coordination could
be important in adhesion.

Sulfur containing polymers are good candi-
dates for coordination materials.5,16,17 Replace-
ment of one oxygen atom in crown ethers by a
sulfur atom (soft base) results in increased com-
plexation of silver ions and other metals (soft
acids).18–20 Poly(alkylenesulfides) have been syn-
thesized, but they are unsuitable for metal com-
plexation studies due to their insolubility and
crystallinity.21 Polymers that contain thioether
functionality in the pendent groups are rare, and
may provide more desirable properties. To our
knowledge, the few side chain thioether-derivat-
ized polymers synthesized to date have never
been studied for their coordination abilities.22–30

A few thioether-derivatized polystyrenes have
been investigated for their use as polymeric sup-
ports to immobilize catalysts.8,9

Poly(organophosphazenes) have a backbone of
alternating phosphorus and nitrogen atoms. The
chemical and physical properties of these poly-
mers can be altered by facile changes in the side
group structure.31–33 These changes are usually
accomplished by replacement of the chlorine at-
oms in the macromolecular intermediate, poly(di-
chlorophosphazene) by organic side units. This
macromolecular substitution process allows the
polymer properties to be tailored over a wide
range by the choice of the nucleophile em-
ployed.34–37 The utilization of thioether-function-
alized nucleophiles permits the incorporation of
potential coordination sites. Phosphazene small
molecule systems are also available for funda-
mental studies of the coordination chemistry in-
volved in metal uptake processes and these serve
as useful models for the behavior of the corre-
sponding macromolecules.

The objective of this study was to synthesize
cyclo- and polyphosphazenes with thioether side
chains and to examine their physical and chemi-
cal properties. The new polymers are especially
suited for the study of their chelation ability be-
cause they bear two side substituents per repeat

unit, which allows a chelating system to be
formed from otherwise monodentate ligands.
They might allow for the more facile release of the
metal ions compared to crown thioethers, which
form quite stable chelates with various metal ions
such as silver(I) and mercury(II). Yet, not all or-
ganic noncyclic thioethers make good chelates.17

There are some promising studies from Japan
that use alkylthio and arylthio containing phos-
phazenes in silver halide photographic materi-
als.38,39

We describe here the following series of studies.
Cyclo- and polyphosphazenes 1–8 (Chart 1) con-
taining a variety of methylthio side groups were
synthesized, purified, and characterized by 1H-,
13C-, and 31P-NMR spectroscopy and elemental
analysis. In addition, the small molecule cyclo-
triphosphazenes were examined by mass spec-
trometry. The polymers were further character-
ized by differential scanning calorimetry and gel
permeation chromatography. Metal complexation
of mercury(II) was studied in the cyclotriphos-
phazene systems 1–3. Complexes of 1 with sil-
ver(I) and cadmium(II) were also examined. The
first results of ion uptake and selectivity for mer-
cury(II), cadmium(II), and silver(I) on pendent
thioether-derivatized polymers 5–7 are reported.

RESULTS AND DISCUSSION

Synthesis of Cyclotriphosphazenes

Heavy metal complexation is difficult to understand
on a macromolecular basis. Therefore, the synthesis
and metal binding of small molecule model com-
pounds is useful to generate information about
metal uptake that may occur in the corresponding
polymeric system. The new cyclotriphosphazenes
[NP(OCH2CH2SCH3)2]3,1; [NP(OCH2CH2CH2CH2-
SCH3)2]3, 2; [NP(OCH2CH2CH(SCH3)CH2CH2-
CH3)2]3, 3; and [NP(OCH2C6H4SCH3)2]3, 4 (Scheme
1) were obtained by treatment of (NPCl2)3 with
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NaOCH2CH2SCH3, NaOCH2CH2CH2CH2SCH3,
NaOCH2CH2CH(SCH3)CH2CH2CH3, or p-
NaOCH2C6H4SCH3 in THF. Complete chlorine
replacement was indicated by the respective
singlet resonances at 17.8, 18.2, 18.4, and 17.3
ppm in the 31P-NMR spectra (Table I). Trimers
1–3 were isolated as clear, yellow, oils through
liquid–liquid extraction with methylene chlo-
ride. Trimer 4 is a sweet smelling, white pow-
der. Both the 1H- and 13C-NMR spectra confirm
the proposed structures. Integration of the 1H-

NMR signals further supported the conclusions
that the substituents are the respective
thioether derivatives. The molecular ion peaks
in the mass spectra correlate with each of the
hexasubstituted cyclotriphosphazenes (Table I).

Trimers 1–3 are soluble in a variety of organic
solvents, including ethers, acetone, ethyl acetate,
most alcohols, chlorinated and aromatic solvents.
Hexa-2-methylthioethoxycyclotriphosphazene, 1,
dissolves in methanol and is partially soluble in
diethyl ether. Trimer 3 is also soluble in hexane.
Hexa-4-methylthiobenzoxycyclotriphosphazene,
4, only dissolves in chlorinated and aromatic sol-
vents. Attempts to obtain single crystals of the
species 1–4 yielded oils (1–3) in the cases of de-
rivatives with very flexible side groups, and thin
platelets for compound 4 with the more rigid sub-
stituent.

Complexation of Trimers

Complexation of cyclotriphosphazenes 1–3 was
attempted using 1 : 1, 1 : 3, and 1 : 6 ratios of
trimer : mercury iodide (Scheme 2). Addition of
the dissolved linear thioether derivatized cyclo-
triphosphazenes, 1 and 2, to the mercury salt
solutions resulted in the immediate formation of a

Table I Characterization Data of Hexasubstituted Cyclotriphophazenes, 1–4

Trimers 1 2 3 4

E.A. Theor. Act. Theor. Act. Theor. Act. Theor. Act.
%C 31.71 30.71 42.38 40.84 49.53 47.36 54.68 54.87
%H 6.21 6.00 7.83 7.18 8.91 8.44 5.16 5.16
%N 6.16 6.75 4.94 5.31 4.13 3.85 3.99 4.05
%S 28.22 26.70 22.63 21.17 18.89 17.61 18.25 18.07
31P-NMR 17.8 ppm 18.2 ppm 18.4 ppm 17.3 ppm
1H-NMR 4.1, 2.8, & 2.1 ppm

I–2:2:3
3.8, 2.3, 1.9, and

1.6 ppm
I–2:2:3:4

4.1, 2.7, 2.0, 1.9,
1.8, 1.5 and 1.5,
and 0.9 ppm
I–2:1:3:1:1:4:3

7.2, 4.9, and 2.4
ppm
I–4:2:3

13C-NMR 65.0, 33.6, and
15.8 ppm

65.2, 33.5, 29.0,
25.1, and 15.3
ppm

63.7, 42.6, 36.6,
35.7, 19.9, 13.9,
and 12.3 ppm

138.4, 136.0,
128.1, 126.4,
67.2, and 15.7
ppm

Mass 681 amu 849 amu 1,017 amu 1,053 amu
FAB MS 682.3 amu 850.3 amu 1,018.3 amu 1,054.3 amu

aNot measured.

Scheme 1 Synthesis of methylthio containing phos-
phazenes.

Scheme 2 Formation of cyclotriphosphazene : HgI2

complexes.
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white precipitate. The more concentrated mer-
cury iodide solutions produced larger quantities
of precipitate. In all cases, the precipitate dis-
solved after stirring or heating the solution to
reflux.

No precipitation occurred with the branched
thioether derivatized cyclotriphosphazene 3. This
lack of an immediate precipitate formation for
cyclotriphosphazene 3 can be attributed to the
fact that the thioether substituent is bonded to a
secondary carbon atom and is, therefore, steri-
cally hindered. This would prevent the formation
of coordination polymers and networks. In addi-
tion, the complexes might remain in solution be-
cause of solubilization by the large aliphatic sub-
stituents.

The reaction mixtures were heated to reflux in
absolute ethanol for 1 h under argon. The solu-
tions were cooled and placed in vials to allow slow
evaporation of the solvent. Mercury complexes
were obtained as bright yellow gums or micro-
crystals with speckles of red solid (HgI2) and/or a
pale yellow oil (starting trimers), depending on
the complexation ratio. Attempted recrystalliza-
tion of the crude products from several solvents
did not yield crystals suitable for X-ray crystal
structure analysis but gave pure bright yellow
oils. Each of the products was characterized by
elemental analysis.

The elemental analysis results and the calcu-
lated theoretical elemental content for all the pos-
sible whole integer ratios of complexation are re-
corded in Table II. The complexation of HgI2 by 1
in all three, 1 : 1, 1 : 3, and 1 : 6, ligand : metal
reaction mixtures yielded a metal complex with a
trimer : metal ratio of 1 : 3. Thus, chelation of the
mercury atoms probably occurs by coordination of
two geminal thioether groups. Hexa-2-methylthio-
ethoxycyclotriphosphazene preferentially formed
a 1 : 3 complex even with a high stoichiometric
excess of either the ligand or the metal.

Trimer 2 reacted with three or six equivalents
of mercury iodide to yield a complex with a ligand :
metal ratio of 1 : 4. If only one equivalent of metal
salt was employed, the product isolated contains
almost the stochiometric ratio of one molecule of
mercury iodide attached to one molecule of the
cyclophosphazene 2. Infrared spectra of 2 with n
HgI2 showed significant changes (1428 cm21

shifted to 1418 cm21 and fingerprint region below
900 cm21) compared to that of the free ligand 2,
and this suggested complex formation. However,
the evidence is insufficient to allow the structures

of the unsymmetrical products with these unex-
pected ligand : metal ratios to be proposed.

Cyclotriphosphazene 3 is the only ligand stud-
ied which formed mercury complexes in which all
six thioether donor groups appeared to be bonded
to mercury atoms. A compound with a ligand :
metal ratio of 1 : 6 was obtained in high yield by
treatment of 3 with six equivalents of mercury
iodide. Reactions with three equivalents of mer-
cury(II) iodide yielded the stoichiometric product
with three metal atoms attached to the ligand.
The product mixture obtained in the reaction
with one equivalent of metal salt showed an ele-
mental content appropriate for ratios between 1 :
1–2.

The complex formation of cyclotriphosphazene
1 with silver(I) and cadmium(II) nitrates were
also studied. Solutions of 1 in CH2Cl2 were added
to one, three, and six equivalents, with each of the
salts dissolved in acetonitrile. The silver reactions
were kept in the dark and yielded slightly tinted,
clear oils after 3 days of reaction. Only the 1 : 6
cadmium(II) nitrate sample separated as a sus-
pended powder from solution after stirring for
several days. The powder was isolated by centrif-
ugation and the solid was decanted and washed
with water. For the reaction mixtures of 1 with
one and three equivalents of metal salt, the sol-
vents were removed under reduced pressure,
yielding oils. These samples were washed with
methylene chloride and deionized water to re-
move excess trimer and cadmium(II) nitrate, re-
spectively. All dried silver and cadmium com-
plexes were off-white solids that were analyzed by
elemental analysis (Table II).

The only well-defined complex obtained from
these reactions was a 1 : 2 ligand : metal complex
of 1 with silver(I) nitrate from a 1 : 1 reaction
mixture. No well-defined products could be iso-
lated from the reactions of 1 with three or six
equivalents of silver nitrate. The ligand : metal
ratios of the mixtures obtained are 1 : 3–4 and 1 :
4–5, respectively. Cadmium also did not form
well-defined coordination compounds with 1 in
any of the stoichiometric amounts examined. The
elemental contents of the samples showed ratios
of 1 : 2–3 for the product mixture obtained from
one equivalent of cadmium salt and 1 : 4–5 with
three equivalents of the metal salt. The mixture
isolated from a 1 : 6 reaction yielded a complex
containing a large excess of cadmium nitrate.

Because the reactions of 1 with silver and cad-
mium nitrate did not yield clearly defined prod-
ucts, and therefore, did not offer the prospect of
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understanding the coordination chemistry in-
volved, these small-molecule studies were not ex-
tended to the ligands 2 and 3. Although we could
not obtain single crystals suitable for crystal
structure determination, the combinatorial stud-
ies described gave useful information about the
tendencies of the complexing ability of the new
multifunctional ligands 1–3.

Preparation of Polymers

The new polyphosphazenes [NP(OCH2CH2SCH3)2]n,
5; [NP(OCH2CH2CH2CH2SCH3)2] n, 6; [NP(OCH2-
CH2CH(SCH3)CH2CH2CH3)2]n, 7; and [NP(OCH2-
C6H4SCH3)2]n, 8 were obtained by treatment of
(NPCl2)n with NaOCH2CH2SCH3, NaOCH2CH2-
CH2CH2SCH3, NaOCH2CH2CH(SCH3)CH2CH2-
CH3, or p-NaOCH2C6H4SCH3 in THF (Scheme 1).
Complete chlorine replacement was indicated by
the respective singlet resonances at 27.4, 210.0,
28.2, and 26.3 ppm in the 31P-NMR spectra. The
polyphosphazenes were isolated through re-
peated precipitations from THF into water, etha-
nol, or hexane. Polymers 5–7 were tan, transpar-
ent elastomers, while 8 was a white, fibrous ma-
terial. The proton and carbon shifts in the 1H- and

13C-NMR, as well as integration of the 1H-NMR
signals, supported the structure of the polymers.
Elemental microanalysis detected less than 0.5%
residual chlorine and this indicated complete re-
placement of the chlorine atoms. Characteriza-
tion data are listed in Table III.

Oxidation of Thioether Substituents

Although, the synthesis of the polymers appeared
straightforward, the purification proved quite
challenging, especially in the case of polymer 5.
Several precipitations from freshly distilled THF
caused the polymer to become less and less solu-
ble. 1H-NMR spectroscopy of the insoluble sam-
ples showed that this was caused by partial oxi-
dation of the thioether groups to the sulfoxides
(Fig. 1). The chemical shifts of the protons neigh-
boring the sulfur atom could easily be distin-
guished. The spectrum of the thioether showed
methyl proton shifts at 2.2 ppm and methylene
proton shifts at 2.8 and 4.1 ppm. A spectrum of
the polymer with partially oxidized side groups
revealed both the thioether protons and a second
set of substituent protons at 2.7, 3.0, 3.2, and 4.4
ppm for the sulfoxide species. The fourth signal

Table III Characterization Data of Poly(organophosphazenes), 5–8

Polymers 5 6 7 8

E.A. Theor. Act. Theor. Act. Theor. Act. Theor. Act.
%C 31.72 31.35 42.38 41.75 49.53 48.81 54.68 54.58
%H 6.18 6.10 7.82 7.49 8.91 8.60 5.16 5.47
%N 6.16 6.21 4.94 5.14 4.13 4.28 3.99 3.82
%S 28.22 27.18 22.63 20.51 18.89 18.23 18.25 d

%Cl Trace a Trace 1.67
361 ppmb

Trace 0.49 Trace 0.44

31P-NMR 27.4 ppm 210.0 ppm 28.2 ppm 26.3 ppm
1H-NMR 4.1, 2.8, and 2.2

ppm I–2 : 2 : 3
3.9, 2.5, 2.1, and 1.7 ppm

I–2 : 2 : 3 : 4
4.1, 2.6, 2.0, 1.9,

1.9, 1.5 & 1.4,
and 0.9 ppm
I–2 : 1 : 3 : 1 :
1 : 4 : 3

6.8, 4.7, and 2.3
ppm I–4 : 2 : 3

13C-NMR 65.0, 34.1, and
16.0 ppm

65.1, 34.1, 29.7, 25.6, and
15.6 ppm

63.6, 42.9, 36.8,
35.4, 20.0, 14.2,
and 12.1 ppm

137.6, 134.0,
128.0, 126.0,
67.2, and 15.5
ppm

Tg (°C) 279 298 279 25 and 113d (68e)
Mw [K] 226 614 1143 589

aChlorine content could not be measured.
bThis value was obtained after further precipitations from commercial THF.
cSulfur content was not measured.
dThe transition temperature for rearrangement of the polymer from phosphazene to phosphazane.
eThe Tg of the new rearranged polymer.
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for the sulfoxide substituent was assigned to the
methylene protons adjacent to the sulfur atoms, a
signal that was split as a result of the chirality
introduced at the sulfur atom by sulfoxide forma-
tion.

By contrast, the small molecule model 1 could
easily be isolated without evidence of oxidation of
the sulfur atom, even after months of exposure to
the atmosphere.

However, the side groups of 1 were oxidized
when peroxides were present in unstabilized
THF. This confirmed the hypothesis that oxida-
tion was a result of peroxide impurities in the
distilled THF after exposure to light and air. The
oxidation process40 is much more dramatic during
the purification of the polymers than with the
small molecules. During polymer precipitation, a
minute but significant amount of solvent is
trapped in the bulk material. Peroxide formation
can occur readily with THF, and further reactions
with the polymer side groups are possible. No
methods are available to isolate unoxidized
polyphosphazenes from such mixtures. By con-
trast, partially oxidized small molecules can eas-
ily be separated from the unoxidized species by
column chromatography or recrystallization.

A method to obtain polymer 5 without oxida-
tion was to carry out the reaction in anhydrous

“stabilized” THF. The polymer was subsequently
precipitated from stabilized THF, followed by pre-
cipitations from methylene chloride.

Polymers 6 and 7 were the least sensitive to
oxidation. They did not oxidize when precipitated
from distilled (unstabilized) THF. Polymer 8 de-
composed over months, and more quickly at ele-
vated temperatures above 80°C. This could be due
to oxidation or a phosphazene/phosphazane rear-
rangement that is possible with benzyloxyphos-
phazenes (Scheme 3).

Thermal Transitions

The aliphatic thioether polymers 5–7 have glass
transition temperatures (Tg) well below room
temperature, specifically in the range of 298 to
279°C (Table III). Polymer 8, with the less flexi-
ble aromatic thioether groups, has a Tg of 25°C.
These values indicate that the torsional mobility
of the polymer is seriously hindered by the pres-
ence of the bulky aromatic substituent. A second
transition temperature was detected only for
polymer 8. This transition at 113°C could reflect a
thermal rearrangement of the phosphazene to a
phosphazane (Scheme 3). Once the polymer was
cycled above this transition temperature, the
original Tg of 25°C was no longer detected and a
new glass transition temperature at 68°C ap-
peared. The polymer also changed from a fibrous,
white material to a powdery, bright yellow solid.

Ion Uptake, Capacity and Selectivity of
Polymers 5–7

Preliminary studies of the ion uptake, capacity,
and selectivity of polymers 5–7 were focussed on
the behavior (1) of films and (2) of solutions when
the polymers were exposed to mixtures of several
heavy metal salt solutions.

Scheme 3 Rearrangement of benzoxyphosphazenes.

Figure 1 1H-NMR spectra of 5 during purification,
(A) before and (B) after partial oxidation.
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Qualitative Studies of Polymer Films

Films of polymers 5–7 and poly(bis-hexoxyphos-
phazene), [NP(OCH2CH2CH2CH2CH2CH3)2]n, as
a nonfunctional control material, were cast onto
glass slides and dried. Each polymer was first
studied for its stability in the various aqueous
solutions. The pH values of the aqueous solutions
were 3, 5, and 7. A solution of nitric acid (c
5 0.001 mol/l) in THF/water 25/75% was also
employed. The THF induced swelling at the sur-
face of the films. No weight loss or gain was de-
tected for any of these polymers in any of the
solutions. The films were then immersed in aque-
ous solutions of silver nitrate, cadmium nitrate,
mercury nitrate, and a mixture of the three (c
5 0.1 mmol/l) for 48 h, washed with deionized
water to remove all metal not absorbed or che-
lated on the surface, and dried. The characteris-
tics of the metal-containing films varied from brit-
tle, for most of polymer 5 films, to rubbery, for the
poly(bis-hexoxyphosphazene) samples. The prod-
ucts were analyzed by X-ray microanalysis to de-
termine qualitative ion uptake and selectivity.

First, it was necessary to determine the uptake
capability of each polymer film for each metal
from the various aqueous solutions. Poly(bis-hex-
oxyphosphazene) (the unfunctionalized phospha-
zene control) underwent metal uptake of Ag1 ion
only during exposure to light. This suggested that
the process involved deposition of silver particles
on the polymer. Although cadmium and mercury
are less sensitive to photo effects, precautions
were taken to eliminate exposure to light as an
experimental factor. Films of polymers 5–7 ab-
sorbed silver from all the aqueous solutions stud-
ied. For the most part, cadmium was undetected
or was barely detected at various pH values for
films of poly(bis-methylthioethoxyphosphazene)
(5) or at pH 5 for polymer 6. Mercury was incor-
porated from solution by films of polymers 5 and
6. However, poly(bis-methylthiohexoxyphospha-
zene) 7 was more selective in its absorption of
mercury, which occurred from THF and from
aqueous solutions at pH 7.

Films soaked in solutions of all three salts were
studied to evaluate the selectivity of the polymers
for the various metal ions. X-ray emission spec-
troscopy was used for analysis. Unfortunately,
the X-ray emission of cadmium is hidden beneath
the silver emission. For this reason, it was as-
sumed from the single metal uptake studies that
cadmium does not compete for coordination to the
polymer films. Both silver and mercury were ab-

sorbed from all the solutions by films of 5 and 6.
Unfortunately, the relative selectivity could not
be determined by this technique. However, films
of polymer 7 were selective for silver from all
solutions except at pH 7 where it also incorpo-
rated mercury ions.

Quantitative Studies in Solution of Polymers
6 and 7

The ion uptake and selectivity of polyphospha-
zenes 6 and 7 in solution were studied quantita-
tively with the use of atomic absorption spectro-
scopy. Similar studies of pyridylalkylamino-
substituted polyphosphazenes were reported
previously.41–43 Species 5 was not included in this
study because of its low solubility and the brittle
nature of products formed in the studies per-
formed on the films of this polymer. Polymers 6
and 7 dissolved in THF/water were dialyzed
against acidic solutions of mixed metal salts for
24 h at 25°C. The macromolecular metal com-
plexes obtained were extremely stable, and the
metals were removed from them only by complete
destruction of the samples in concentrated acid.
The molar quantities of each metal in the poly-
meric complexes are compared in Figure 2.

Polymers 6 and 7 have a significantly greater
affinity for silver than for either mercury or cad-
mium. Poly(bis-4-methylthiobutoxyphosphazene)
6, hardly forms complexes with cadmium, and the
affinity of poly(bis-3-methylthiohexoxyphospha-
zene) 7 toward this metal is only slightly higher.
Species 7 absorbs a slightly higher loading of
metal ions. This is despite the lower sulfur con-
tent and the fact that it is more sterically hin-
dered. However, this could be explained by the
greater aliphatic character of the side substitu-
ent, which increases its solubility and also en-
hances the donor ability of the lone pairs at sul-
fur. In addition, the bulkiness of the side groups
makes chelation/crosslinking significantly less fa-
vorable. This also explains the lack of precipita-
tion of trimer 3 in the presence of HgI2.

CONCLUSIONS

Phosphazenes 1–8 with methylthioether groups
were synthesized: [NP(OCH2CH2SCH3)2]n (n 5 3,
1; n 5 15,000, 5); [NP(OCH2CH2CH2CH2-
SCH3)2]n (n 5 3, 2; n 5 15,000, 6); [NP(OCH2CH2-
CH(SCH3)CH2CH2CH3)2]n (n 5 3, 3; n 5 15,000,
7); and [NP(OCH2C6H4SCH3)2]n (n 5 3, 4; n
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5 15,000, 8). They were characterized by various
analytical techniques. Cyclotriphosphazenes 1–3
form metal complexes of different ratios with
mercury iodide. Trimer 1 also reacted with sil-
ver(I) and cadmium(II) nitrates to yield product
mixtures. The ligand : metal ratios of all these
small molecule complexes were determined by el-
emental analysis. These studies underline the
complexity of the complexation process and the
fact that chelation by multiple thioether units is
plausible but not necessary, such as in the case of
[3 * 6 HgI2].

The methylthioethoxy substituted phospha-
zenes 1 and 5 were especially prone to oxidation
by peroxides. Polymer 8 decomposes with time
and/or rearranges at elevated temperatures.

Polymers 5–7 were investigated as films and in
solution for selective uptake of metals. All of these
had the highest affinity for silver. They also com-
plexed mercury and cadmium in solution, but
were significantly less effective ligands for these

metals. The stability of the macromolecular metal
complexes suggests that these systems could be
particularly useful as silver extractants or as
polymer substrates for catalysis.

EXPERIMENTAL

Materials

Hexachlorocyclotriphosphazene (Nippon Fine
Chemical/Ethyl Corp.) was purified by recrystal-
lization from heptane and by sublimation at 50°C
(0.05 mmHg). Poly(dichlorophosphazene) (Ethyl
Corp.) was used as received ;9.3 g per 100 mL of
solution in cyclohexane. Sodium hydride (60%
dispersion in mineral oil, Aldrich/Acros) was used
as received. Tetrahydrofuran (THF) (Omnisolv),
was dried over sodium benzophenone ketyl and
was distilled under a nitrogen atmosphere. In
some cases (specified), THF was used as received.
The 2-(methylthio)ethanol, 4-(methylthio)buta-
nol, and 3-(methylthio)-1-hexanol (Acros/Aldrich)
were vacuum distilled and stored over 4 Å molec-
ular sieves. 4-(Methylthio)benzyl alcohol was pu-
rified by sublimation. Mercury(II) iodide, silver(I)
nitrate, cadmium(II) nitrate, and mercury(II) ni-
trate (Acros and Merck) were used as received.
6000–8000 MWCO dialysis membranes (Spectra/
por) were used. The synthesis of cyclo- and
polyphosphazenes were performed under an at-
mosphere of dry argon using standard Schlenk
techniques.

Equipment

1H-, 13C-, and 31P-NMR were recorded by the use
of a Bruker WM-360 NMR spectrometer at 360,
90.27, and 146 MHz, respectively. 31P chemical
shifts are relative to 85% phosphoric acid as an
external reference with positive shift values
downfield from the reference. 1H- and 13C-NMR
spectra were referenced to internal CDCl3. Ele-
mental microanalyses were obtained by the use of
an Elementar Vario EL CHNS analyzer (Elemen-
tar Analysensyteme GmbH, Hanau). Molecular
weights were estimated using a Hewlett-Packard
HP1090 gel permeation chromatograph equipped
with an HP-1047A refractive index detector and a
Polymer Laboratories PL gel 10 mm column. The
samples were eluted with a 0.1% by weight of
tetra-n-butylammonium nitrate in THF (Omni-
solv). The GPC column was calibrated with poly-
styrene standards (Waters). Glass transition tem-

Figure 2 The metal contents obtained for each metal
in the complexation competition between the various
metals for solubilized polymers (A) 6 and (B) 7 cor-
rected for the atomic weight of the metal.
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peratures were obtained by differential scanning
calorimetry on a Perkin-Elmer DSC-7 unit con-
trolled by a PE7500 computer. Heating rates of
10–40°C/min. were used. A Shimadzu IR-435 in-
frared spectrometer was used for the IR spectros-
copy. FAB (1) mass spectra were collected on a
voyager DESTR spectrometer. The X-ray micro-
analysis/energy dispersive spectroscopy (EDS)
was performed on a JEOL JSM 5400 scanning
electron microscope (SEM) (JEOL, Peabody, MA)
using PGT IMIX-PC software (Princeton, NJ).
These sample were first carbon coated in a BAL-
TEC SCD050 (TechnoTrade, Boston, MA) sputter
coater. The silver and cadmium contents were
determined using a Pye Unicam SP 9 atomic ab-
sorption spectrophotometer and mercury contents
were obtained by the use of Thermo Jarell Ash
IRIS/AP instruments.

Synthesis of Cyclotriphosphazenes 1–4

The synthesis of trimers 1–4 was carried out us-
ing similar procedures. The synthesis of trimer 1
is given as a typical example. Sodium hydride
(3.97 g, 99.23 mmol) was suspended in THF (300
mL). 2-(Methylthio)ethanol (9.53 g, 103.5 mmol)
was added dropwise. After the solution cleared,
hexachlorocyclotriphosphazene (5.03 g, 14.4
mmol) was added and the reaction mixture was
stirred at room temperature until the reaction
was complete after 24–48 h. The solvent was then
removed under reduced pressure. The crude prod-
uct was separated from the salts by liquid/liquid
extraction in CH2Cl2/water. The methylene chlo-
ride solution was dried over anhydrous MgSO4
and filtered. The product was further purified by
column chromatography with ethyl acetate on sil-
ica gel. Note: Cyclotriphosphazenes 2 and 3 re-
quired column chromatography with 1 : 1 diethyl
ether/methylene chloride and diethyl ether, re-
spectively, as the solvent systems. Trimer 4 was
obtained as a powder after recrystallization from
benzene : ethanol. Yields of 65–85% were ob-
tained. All characterization data are given in Ta-
ble I.

Complexation of Trimers 1–3 with Mercury(II)
Iodide

Complexation of cyclotriphosphazenes 1–3 was
attempted with 1 : 1, 1 : 3, and 1 : 6 molar ratios
of approximately 0.5 g cyclotriphosphazene : mer-
cury iodide in 50 mL of refluxing absolute ethanol
for 1 h in an inert atmosphere. The mixtures were

cooled and placed in vials to allow slow evapora-
tion and if possible to favor crystal growth. Vis-
cous liquids to hard solids were obtained that
ranged in color from yellow to red (plus small
amounts of pale yellow oil from 1 : 1 reaction
mixtures). The pale yellow oil was removed by
washing with methylene chloride and character-
ized by 31P- and 1H-NMR. The spectra of the oils
exactly matched those of the respective pure tri-
mers. The red solid contained no phosphorus sig-
nal. Recrystallization attempts of the amorphous,
yellow gums and solids were limited due to their
insolubility. All products were analyzed by ele-
mental analysis (Table II).

Complexation of Trimer 1 with Silver(I) and
Cadmium(II) Nitrates

Complexation of cyclotriphosphazenes 1 was at-
tempted in 1 : 1, 1 : 3, and 1 : 6 molar ratios of
approximately 0.25 g cyclotriphosphazene with
the respective ratios of silver nitrate and cad-
mium nitrate in 5 mL of 1 : 1 CH2Cl2/CH3CN. The
solutions were stirred for 3 days at room temper-
ature. The silver reactions were carried out in
complete darkness, and resulted in the separation
of a slightly tinted clear gum from which the
reaction solution was decanted. These gums had
no thioether odor. 1H- and 31P-NMR spectra were
obtained for the wet products. The 1H-NMR spec-
tra indicated chemical shifts at 4.1, 2.9, and 2.2
ppm, with integration of 2 : 2 : 3 as well as shifts
for the residual solvents, CH2Cl2 and CH3CN.
The complexes dried to off-white solids. The prod-
ucts from the reactions with cadmium remained
soluble for days. After evaporation of the solvents
clear tan gums were obtained. The 1 : 6 product
mixture contained powder mixed with the gum.
The products were washed with methylene chlo-
ride to remove the uncomplexed trimer, and were
then redissolved in acetonitrile. Deionized water
was added to the acetonitrile to precipitate the
complexes from solutions and leave excess cad-
mium(II) nitrate in solution. The 1 : 6 reactant
ratio product was the only one that precipitated.
This precipitate was centrifuged and separated
from the solution. The product was washed with
water, again centrifuged, and decanted to obtain
an off-white powder. The 31P-NMR spectrum in-
dicated the presence of trimer 1. The solvent was
also evaporated from the 1 : 1 and 1 : 3 product
mixtures. They were washed with deionized wa-
ter and methylene chloride and dried to form off-
white solids. All products were analyzed by ele-
mental analysis once isolated (Table II).
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Synthesis of Poly(organophosphazenes) 5–8

The syntheses of polymers 5–8 were carried out
using similar procedures. The procedure for poly-
mer 6 is given as a typical example. 4-(Methyl-
thio)butanol (15.92 g, 132.4 mmol) was added
dropwise to a suspension of sodium hydride (4.82
g, 120.4 mmol) in THF (800 mL). After the forma-
tion of sodium 4-(methylthio)butoxide was com-
pleted, a solution of poly(dichlorophosphazene)
(50 mL, 40.1 mmol) was added slowly. The reac-
tion mixture was then heated to reflux for 18–48
h, and was monitored daily by 31P-NMR spectros-
copy until the reaction was complete. The mixture
was then cooled and concentrated under vacuum.
Stabilized THF needed to be added to the solution
of 5 to allow for purification without oxidation of
the sulfur. Polymer 6 was isolated by precipita-
tion into a 1 : 1 mixture of ethanol/water. Further
preciptations were carried out to purify the poly-
mer, once into water from THF (stabilized for 5)
and twice more from CH2Cl2 into 1 : 1 hexane
ethanol. The polymer was then dried and charac-
terized. All characterization data are given in Ta-
ble III.

Stability of Polymer Films 5–7 in Aqueous
Solutions

The stability of the polymer films to various aque-
ous solutions; pH 3, 5, 7, and 10 and nitric acid, c
5 0.001 mol/l, 25/75 % THF/water; was deter-
mined by mass loss. The preweighed films were
soaked for 48 h in the various aqueous solutions
and then dried under vacuum. No change in mass
was detected.

Qualitative Ion Uptake and Selectivity of Thin
Films of Polymers 5–7 and Poly(bis-
hexoxyphosphazene)

Thin films of films of polymers 5–7 and poly(bis-
hexoxyphosphazene, [NP(OCH2CH2CH2CH2CH2-
CH3)2]n, as a control poyphosphazene, were cast
from methylene chloride onto glass slides and
were dried under vacuum. The films were soaked
in solutions of AgNO3, Cd(NO3)2, Hg(NO3)2 (c
5 0.1 mmol/L, and in a mixture of all three at pH
3, 5, and 7, and nitric acid (c 5 0.001 mol/L)
25/75% THF/water for 48 h, washed three times
with deionized water to remove uncomplexed
metal salts from the surface, and dried under
vacuum. All solutions were kept in the dark to
reduce effects of light exposure, especially for
samples that contained silver.

The films were then prepared for characteriza-
tion by X-ray microanalysis. A piece of each film
was lifted from the glass and affixed to a stainless
steel mount with carbon adhesive tabs, four to
five samples per mount. The samples were then
sputter coated with carbon and placed in the in-
strument for analysis. All data were collected us-
ing an accelerating voltage of 20 kV, a 30° take-off
angle, and 5003 magnification for 200 s.

Quantitative Ion Uptake and Selectivity of
Polymers 6–7

For each experiment 50 mg of 6 (0.176 mmol) or 7
(0.147 mmol) were dissolved in 25 mg of THF. The
solutions were contained within dialysis mem-
branes. The samples were then reacted with THF
solutions containing small amounts of HNO3 and
mixtures of Hg(NO3)2*H2O/AgNO3, Hg(NO3)2*H2O/
Cd(NO3)2*4 H2O, and Cd(NO3)2*4 H2O/AgNO3,
respectively [c(metal) 5 0.001 mol/L, n(metal)
5 4n(polymer), V 5 1.4 L, pH 5 3]. The reaction
mixtures were stirred at room temperature for
24 h. During this period the polymeric metal com-
plexes precipitated from solution. They were fil-
tered off and rinsed with THF. To determine the
metal contents by AAS (silver and cadmium) or
ICP (mercury), 15 mg of each sample were com-
pletely dissolved/degraded in either concentrated
HNO3 or HNO3/HCl mixtures for periods from
days to weeks. Samples of polymer 6 contained
29.37 wt % Ag : 6.35 wt % Hg, 2.92 wt % Cd : 8.33
wt % Hg, and 0.92 wt % Cd : 28.79 wt % Ag.
Polymer 7 samples measured to contain 34.43 wt
% Ag : 9.96 wt % Hg, 8.63 wt % Cd : 15.52 wt %
Hg, and 4.29 wt % Cd : 29.70 wt % Ag.
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