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The synthesis of interpenetrating polymer networks (IPNs) composed of the polyphos- 
phazenes [NP(OCH2CH20CH2CH20CH3)21, (MEEP), or [NP(OCsH,&OOPr)2], and acidic, ion- 
complexing organic polymers is reported. These latter polymers included poly(acry1ic acid), 
poly(vinylsu1fonic acid sodium salt), poly[bis(undecenyl phosphate)], and poly[(p-methylimi- 
nodiacetoxy)styrenel. Several of these IPN systems are capable of selective coordination of 
specific ions and are prototypes for ion-selective membranes. Full, sequential IPNs were 
prepared, and these materials were characterized by NMR spectroscopy, differential scanning 
calorimetry (DSC), and transmission electron microscopy (TEM). After metal complexation, 
the conjugate IPNs were analyzed by electron microscopy and X-ray microanalysis. The 
metal coordination was used to enhance domain contrast in these systems for electron 
microscopy studies. Because the IPNs based on MEEP are of particular interest for ion- 
selective membrane applications, the stability of MEEP in acidic, neutral, and basic aqueous 
media and the response of the polymer to aqueous salt solutions was also examined. 

Introduction 

"he incorporation of metal ions into polymers is of 
broad interest from both the fundamental and applica- 
tions points of view. An understanding of the ways in 
which polymeric ligands can selectively remove metal 
ions from solution is of widespread interest. So too is 
the use of metal ion complexation as a means for the 
identification and visualization of domains in solid 
polymeric materials systems. From a practical view- 
point, the complexation of ions by porous solids or 
hydrogels underlies possible solutions to a wide variety 
of environmental, technological, and biomedical prob- 
lems. For example, the isolation of precious metals or 
radioactive isotopes from the environment or the de- 
velopment of medical procedures for the removal of toxic 
cations from humans can, in principle, be accomplished 
via the use of ion-selective extraction systems. A 
general requirement is that the substrate material 
should have a high contact area and that the polymer 
and/or its complexes should be insoluble in order to  
allow a facile separation of the metal-polymer complex 
from a liquid medium.l Many of the systems being 
studied utilize polymers that bear coordinating units 
incorporated into the side-group structure. 

A number of well-known ion extraction materials are 
acidic or basic functional forms of common organic 
polymers such as polystyrene.2 The un-cross-linked 
forms of these polymers often have a high solubility in 
water, but they can be converted to gels or insoluble 
matrices in a number of different ways including cross- 
linking of the polymer, copolymerization of the func- 
tionalized monomer with a comonomer that ensures 
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insolubility or preparation of an interpenetrating poly- 
mer network (IPN) with a second polymer. The use of 
an IPN for ion complexation offers a number of advan- 
tages including the prospect that the swellability and 
permeability of the substrate can be controlled by the 
choice of the second (noncoordinative) polymer used in 
the network. In addition, the properties and applica- 
tions of the final product may be controlled by the choice 
and concentration of the components in the IPN system. 

Interpenetrating polymer networks are multicompo- 
nent polymer systems prepared by the polymerization 
and cross-linking of a monomer within the swollen, 
cross-linked matrix of a second polymer. The resultant 
system may form an intimate mixture of the two 
polymers that are unable to separate from each other 
even when the system is swollen by a solvent. Thus, 
once prepared, an IPN is insoluble but is swellable in 
aqueous or organic media depending on the character- 
istics of the component  polymer^.^!^ Examples of ion- 
complexing IPNs that contain polymers with phosphinic 
acid, phosphonic acid, or phosphate units have been 
studied by other  worker^.^-^ 

The interpenetrating polymer networks described 
here are comprised of a cross-linked poly(organophos- 
phazene) matrix and a cross-linked organic polymer that 
bears acidic side groups. Poly(organophosphazenes) are 
especially useful for multicomponent polymer systems 
because their properties may be tailored over a broad 
range by the introduction of different side groups via 
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Chart 1. IPN Component Polymers and Ion 
Specificities 

A. Poly(organopbo8phazenes) 

1 2 

B. Coordinative Organic Polymers 

4 

Specific for Mg, Zn, Hg, Ag, 
Mn, Co. and Ba ions.' 

3 
Specific for Hg, Ag, Mn, Co. Ba. Cu, 
Lanthanide and Actinide ions.' 

5 6 
Specific for Li, Ca, Mg. and Zn ions' Specific for Sc. V, Cr. Mn, Fr. Co 

Ni. Cu, Z n ,  Y, Mo, Ag.  Cd. In, W. 
Re, Pb. Bi, Th. and Ran Earth ions.* 

* Elements in italics used in this investigation. 

macromolecular substitution methods.1°-17 Thus, vari- 
ous side groups can generate water solubility or organic 
solvent solubility, and other units can be incorporated 
to facilitate radiation cross-linking, which is the method 
of choice for the systems to be discussed here. Poly- 
(organophosphazenes) are also a good choice for ion 
complexing IPNs because they can be designed to be 
either inert or active as ion-coordination substrates, and 
this further widens the opportunities for materials 
optimization. 

Two specific polyphosphazenes were chosen for these 
studies. These are poly[bis(2-(2-methoxyethoxy)ethoxy)- 
phosphazenel(1) and poly[bis(propyloxybenzoate)phos- 
phazenel (2) (Chart 1). It has been demonstrated 
earlier that these two polymers are useful for the 
formation of IPNs with various organic polymers in- 
cluding polystyrene, poly(methy1 methacrylate), poly- 
(acrylonitrile), and poly(acry1ic acid).l8Jg These two 
polyphosphazenes were chosen in that work and here 
because they are both appropriate for y-radiation cross- 
linking and because polymer 1 is water soluble while 
polymer 2 is insoluble in water but is soluble in organic 
solvents such as THF. Thus, these two macromolecules 
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offer the prospect for forming either hydrogel or orga- 
nogel cation absorbers. In all cases, the phosphazene 
polymers served as the initial cross-linked polymer 
matrix and the polymers shown as 3-6 were formed 
from their monomers within swollen gels generated 
from the matrix polymers. 

The objectives of this work were to prepare ion- 
complexing interpenetrating polymer networks contain- 
ing poly(organophosphazenes) and coordinative organic 
polymers and to investigate their ion-complexing and 
ion-exchanging abilities with various metal salts. 

Experimental Section 

Materials. Vinylsulfonic acid sodium salt (25 wt % solution 
in water) and acrylic acid (Aldrich) were passed through 
alumina columns to  remove inhibitors and were then stored 
over 3 A molecular sieves. w-Undecylenyl alcohol (Aldrich), 
phosphorous oxychloride (Aldrich), iminodiacetic acid (Aldrich), 
and chloromethyl styrene (mixture of meta and para isomers, 
Polysciences) were used as received. Pyridine (Aldrich) was 
distilled and stored over 3 A molecular sieves. Mercury(I1) 
nitrate, magnesium(I1) nitrate, calcium chloride, zinc sulfate, 
silver nitrate, iron(I1) chloride, and copper(I1) chloride metal 
salts (Aldrich) were all used as received. The syntheses of 
polyphosphazene polymers 1 and 2 were described 
p r e v i o ~ s l y . ~ ~ - ~ ~  The syntheses of the monomers for polymers 
QZ4 and 626 have also been reported. Azobisisobutyronitrile 
(AIBN, Polysciences Inc.) and ethylene glycol dimethacrylate 
(Aldrich) were used as received. Tetrahydrofuran (THF) was 
distilled under an atmosphere of dry argon from a sodium 
benzophenone ketyl drying agent. Hydrochloric acid (12.4 M, 
VWR), sulfuric acid (18.0 M, VWR), nitric acid (9.0 M, VWR), 
and phosphoric acid (6.9 M, VWR), Alcon sterile saline solution 
(pH 7 with a borate buffer), zirconyl chloride (Aldrich), sodium 
hydroxide (Aldrich), sodium carbonate (Aldrich), sodium bi- 
carbonate (Aldrich), potassium hydroxide (Aldrich), and so- 
dium chloride (Aldrich), were all used as received. 

Analytical Equipment and Techniques. lH and 31P 
NMR spectra were recorded with the use of a Bruker WM- 
360 spectrometer operated at 360 and 145.8 MHz, respectively. 
For 31P NMR spectra, positive chemical shifts are downfield 
from that of external phosphoric acid. For IH NMR spectros- 
copy, chemical shifts were recorded relative to tetramethylsi- 
lane a t  0 ppm. Solid-state 13C NMR spectra were obtained 
with the use of a CMX solid-state NMR spectrometer operated 
a t  75 and 121 MHz, respectively. 31P NMR spectra of some of 
the MEEP hydrolysis studies were recorded with the use of a 
JEOL FX-9OQ spectrometer operated at  90 MHz. Glass 
transition temperatures (T,) were measured with the use of a 
Perkin-Elmer DSC-7 unit equipped with a PE 7500 computer. 
The samples (10-30 mg) were analyzed in crimped aluminum 
pans: heating rates of 10, 20, and 40 Wmin and a helium 
flow of 10 mumin were used. The instrument was calibrated 
with a cyclohexane standard with thermal transitions at 
-87.06 and f6.54 "C.  Infrared spectra were recorded on a 
Perkin-Elmer 1710 infrared Fourier transform spectrometer. 
The FT-IR samples were prepared by casting films of the 
materials on salt plates. GPC data were obtained using a 
Hewlett-Packard 1090 liquid chromatograph system with a 
1037A refractive index detector using THF/(n-butyl)a+Br- at 
a flow rate of 1 mumin. Transmission electron micrographs 
(TEMs) were obtained using a JEOL 1200 EXII TEM unit, 
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with a power setting of 80 kV and an  exposure time of 1 s. 
The magnification for all TEM photographs was 12076~ .  TEM 
samples were prepared using an LKB Ultratome I11 micro- 
tome. X-ray microanalyses were obtained using a PGT IMIX 
Version 6 system attached to either a JEOL JSM 5400 
scanning electron micrograph or a JEOL 1200 EXII TEM. SEM 
X-ray microanalysis samples were prepared by mounting the 
sample on carbon stubs and sputter coating them with carbon 
using a Fisons Polaron PS-2 sputter-coater. TEM samples 
were prepared using a LKB Ultratome 111-8800 microtome. 
Polymers 1 and 2 were cross-linked by exposure to 6oCo 
y-radiation at  the Breazeale Nuclear Reactor a t  The Pennsyl- 
vania State University. 

Preparation of Polyphosphazene/Organic Polymer 
IPNs. All the IPNs in this work were prepared by the method 
illustrated in the following example. Polymer 1 (0.2 g), which 
had been cross-linked by exposure to 3 megarad 6oCo y-radia- 
tion, was placed in a solution containing 10 mL of vinylsulfonic 
acid sodium salt (25 wt % in water), 0.05 g of AIBN initiator, 
and 0.2 mL of ethylene glycol dimethacrylate cross-linker. 
Polymer 1 was allowed to  imbibe the aqueous solution for 48 
h or until the volume of the swollen polyphosphazene had 
increased to 10 times its original value. At this time, the 
reaction mixture was heated to 80 “C for 12 h. After cooling, 
the IPN was removed from the reaction mixture and was 
repeatedly extracted with water (THF for polymer 2) for 24 h 
to remove unpolymerized monomer and un-cross-linked or- 
ganic polymer. Following purification, the IPN was dried 
rigorously under vacuum and was characterized using IH and 
31P solution NMR or 13C solid-state NMR spectroscopy, DSC 
and TEM, and X-ray microanalysis. IPNs prepared from 
polyphosphazene 2 utilized THF as the solvent. 

Preparation of Ion-Coordinated IP”. IPN bulk samples 
(0.1 g) were placed in either aqueous or THF solvent solutions 
of metal salts (approximately 0.1 N) depending on the hydrogel 
or organogel character of the IPN. The metal salts included 
mercury(I1) nitrate, magnesium(I1) nitrate, calcium chloride, 
zinc sulfate, silver nitrate, iron(I1) chloride, and copper(I1) 
chloride. Although it was shown that the fully water- or THF- 
swollen gels absorbed almost all of their maximum capacity 
of cations within 1 h of exposure to the metal salt solutions, 
the IPNs were maintained in contact with the solutions for 
approximately 340 h to ensure maximum swelling and com- 
plete equilibration of each system to the metal salt solutions. 
The swollen IPNs were then washed and soaked in water or 
THF for 72 h to remove any metal ions from the surface or 
uncomplexed ions from the bulk of the material. The samples 
were then dried in vacuo and were analyzed by TEM and X-ray 
microanalysis. Control samples that contained only the cross- 
linked phosphazene polymers were also exposed to  the metal 
salts and then extracted by repeated swelling and washing in 
water or THF in order to remove loosely adsorbed metal ions. 
This was done to determine if the phosphazene polymers could 
complex the metal in the absence of the organic polymers. 
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Results and Discussion 

Ligand Complexation. Several factors influence 
the ability of a ligand to selectively bind one metal 
rather than another. These factors include the nature 
of the ligand, the electronic character of the metal, i.e., 
its “hardness” or “softness”, and the u- and n-bonding 
character of the meta1.26-28 In theory, the basic nitrogen 
atoms of the phosphazene backbone could be considered 
weak n-acid ligands and could complex with certain 

(26) Lukehart, C. M. Fundamental Transition Metal Organometallic 

(27) Huheey, J. E. Inorganic Chemistry, Principles of Structures and 

(28) Shriver, D. F.; Atkins, P. W.; Langford, C. H. Inorganic 

Chemistry, Brooks, Cole Publishing: Monterey, CA, 1985. 

Reactiuity; 3rd ed.; Harper and Row Publishers: New York, 1983. 

Chemistry; W. H. Freeman: New York, 1990. 

n-acid  metal^.^^,^^ The oxygen atoms of the polyphos- 
phazene side groups might also function as ligands.21 
The ligands deliberately introduced via the organic 
backbone polymers, -COO-, -SOa-, -[(CH2)90)12P02-, 
and -CHzN(CHzCOO-)2, generally fall into the category 
of electron-rich, weak-to-medium strength x-acids which 
are strong u donors. 

Synthesis of IPNs. As discussed in the Experimen- 
tal Section, the IPNs were prepared by allowing a 
radiation cross-linked polyphosphazene matrix to im- 
bibe and swell in a solution mixture of a vinyl monomer, 
an initiator, and a cross-linking agent. Once the matrix 
was swollen, the monomer was polymerized within the 
cross-linked polymer matrix either thermally or by 
exposure to 6oCo y-radiation. 

The phosphazene polymers used in this project, poly- 
[bis(2-(2-methoxyethoxy)ethoxy)phosphazenel (MEEP, 
1) and poly[bis(propyloxybenzoate)phosphazenel(2) were 
cross-linked by exposure to 6oCo y-radiation to yield 
materials which swell in but do not dissolve in aqueous 
or organic media.18J9 Radiation cross-linking in these 
polymers involves homolytic cleavage of aliphatic carbon- 
hydrogen bonds and cross-combination of the resultant 
carbon-free radicals. Poly[bis(2-(2-methoxyethoxy)- 
ethoxy)phosphazenel (MEEP, l), with 22 C-H bonds 
per repeating unit, is particularly sensitive t o  radiation- 
induced cross-linking. Poly[bis(propyloxybenzoate)- 
phosphazenel (POBP, 2) has 14 aliphatic C-H groups 
per repeating unit, which provide the sites for radiation- 
induced cross-linking. 

The four organic polymers used in this study provide 
a vehicle for the introduction of specific coordination 
ligands. Poly[bis(undecenyl phosphate)] (3) contains a 
phosphoric acid ester functionality that is specific for 
complexation to Hg, Ag, Mn, Co, Ba, and Cu ions as well 
as lanthanide and actinide metal ions. Poly(vinylsu1- 
fonic acid sodium salt) (4) is similar to the well-known 
poly[(p-sulfoxylato)styrenel which is specific for Mg, Zn, 
Hg, Ag, Mn, Co, and Ba ions. Poly(acry1ic acid) (5) bears 
some resemblance to poly[(p-carboxylato)styrene] which 
is specific for Li and Zn ions. Finally, poly(N-(p- 
vinylbenzyliminodiacetic acid)) (6) favors the complex- 
ation of Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Mo, Ag, 
Cd, In, W, Re, Pb, Bi, Th, and rare-earth metal ions. 
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A. G.; Whittle, R. R.; Tollefson, N. M. J .  Am.  Chem. SOC. 1983, 105, 
1316. (h) Suszko, P. R.; Whittle, R. R.; Allcock, H. R. J .  Am. Chem. 
Soc., Chem. Commun. 1982, 960. (i) Allcock, H. R.; Lavin, K. D.; 
Riding, G. H.; Suszko, P. R.; Whittle, R. R. J .  Am. Chem. SOC. 1984, 
106, 2337. (j) Allcock, H. R.; Lavin, K. D.; Riding, G. H.; Whittle, R. 
R. Organometallics 1984, 3, 663. (k) Allcock, H. R.; Lavin, K. D.; 
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117. (m) Allcock, H. R.; Fuller, T. J.; Evans, T. L. Macromolecules 1980, 
13, 1325. (n) Ritchie, R. J.; Harris, P. J.; Allcock, H. R. Macromolecules 
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Scheme 1" 

17so'Na' MEEPRSA (8) 7 
I 

\ 
\ 

"All samples were polymerized using AIBN initiator and 
ethylene glycol dimethacrylate cross-linker. 

Scheme 2" 

"All samples were polymerized using AIBN initiator and 
ethylene glycol dimethacrylate cross-linker. 

Thus, the organic backbone polymers chosen provide a 
range of selectivities for different metal ions that forms 
a starting point for the development of this system. The 
structures of the component polymers and their ionic 
specificities are summarized in Chart 1. 

Schemes 1 and 2 illustrate the synthetic routes used 
to prepare the IPNs. Poly(organophosphazene) poly- 
mers 1 and 2 were each exposed to 3 Mrad of 6oCo 
y-radiation to cross-link the polymers before IPN prepa- 
ration. In all examples, AIBN was used as the polym- 
erization initiator for the coordinative monomer, and 
ethylene glycol dimethacrylate was employed as the 
cross-linking agent. The presence of two vinyl groups 
in bidundecenyl phosphate) provided a second intrinsic 
route for cross-linking. Bidundecenyl phosphate), vi- 
nylsulfonic acid sodium salt, and N-(p-vinylbenzylimi- 
nodiacetic acid) were polymerized thermally while 
acrylic acid was polymerized by exposure to additional 
6oCo y-radiation. Bis(undeceny1 phosphate) and N-(p- 
vinylbenzyliminodiacetic acid) were polymerized in a 
toluene medium. Control studies were performed to 
determine the overall effect and contribution of the 
initiator and/or cross-linking agent to the overall IPN 
synthesis. 

Of the eight IPN permutations, the only system that 
proved to be unsuitable for coordination studies was 
that prepared from MEEP (1) and poly[bis(undecenyl 
phosphate)] (3), because the phosphoric acid monomer 
reacted with the cross-linked MEEP. The phosphazene 
hydrogel de-cross-linked and/or degraded when the 
monomer-swollen, cross-linked matrix was heated, ir- 
radiated with 6oCo y-radiation, or simply exposed to the 
monomer for more than 48 h. As will be discussed, 
MEEP is sensitive to strong mineral acids, and it is 
assumed that phosphorus-oxygen bond cleavage occurs 
in this system. 
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Table 1. 'H and 13C NMR Datau 
~~ ~ ~ 

IPN 6 PPm 
114 

l/Sb 

116 

3.4, 3.5, 3.6, 4.0 (OCH2 of 1) 
1.9 (CH2 Of 41, 3.2 (CH of 4) 
66.0,68.5, 71.2 (OCH2 of 1) 
26.2 (CH Of 5) ,  179.0 (COz of 5 )  
3.4, 3.5,3.6,4.0 (OCH2 of 1) 
1.2 (CH2CH of 6),2.8 (CH2CH of 6) 
7.2 (Ph of 6), 3.0 (PhCHZN of 6) 
3.2 (NCHzC02 of 6) 
0.9 (CH3 of 2), 1.3 (CH2 of 2 )  
4.1 (C02CH2 of 21, 6.6, 7.4 (Ph of 2) 
1.2 (CHz-CH of 3 (polymerized branch) 
5.0 (CHz=CH of 3 (unpolymerized branch) 
1.5 (CH2-CH of 3 (polymerized branch) 
5.8 (CHz=CH of 3 (unpolymerized branch) 
1.7, 2.0 (CH2's Of 3) ,  4.1 (CH20 of 3 )  
0.9 (CH3 of 21, 1.7 (CH2 of 2 )  
4.1 (CH2 of 2),6.6, 7.4 (Ph of 2)  
1.9 (CH2 of 4), 3.4 (CH of 4) 
115.3, 122.5, 129.4, 159 (Ph of2) 
170.0 (COz of 2) ,  67.0 COzCHz of 2 
22.3 (CHz of 21, 21.0 (CH3 of 2) 
10.0 (CHz of 5) ,  40.0 (CH of 5) 
181.0 (Coz Of 5 )  
0.9 (CH3 of 2) ,  1.7 (CH2 of 2 )  
4.1 (COzCHz of 21, 6.6, 7.4 (Ph of 2 )  
1.2 (CHzCH of 6), 2.6 (CHzCH of 6) 
7.2 (Ph of 6),3.3 (PhCH2N of 6) 
3.6 (NCHzC02 of 6) 

All 'H NMR samples were studied as swollen gels in CDC13. 
Samples containing polymer 5 were more easily characterized 

by solid-state I3C NMR due to difficulties in swelling the samples 
in CDC13. 

Table 2. IPN Component Ratios" 

2!3 

2!4 

2/5b 

2!6 

MEEPPSA (1/4) 14:l POBPPSA (W4) 3.6:l 
MEEPPAA (115) 1:l POBPPAA (W5) 2:l 
MEEPPIS (116) 7.6:l POBPPIS (W6) 7:l 
POBPDUP (213) 2.5:l 

a Based on lH NMR integration. 

Characterization. The IPNs were characterized by 
lH, 13C, and 31P NMR spectroscopy, differential scan- 
ning calorimetry (DSC), and transmission electron 
microscopy (TEM). 

NMR characterization data for the IPNs are shown 
in Table 1. These data confirmed the presence of both 
polymeric components and provided a means for esti- 
mating the polymer component ratios. lH NMR char- 
acterization was accomplished by examination of the 
spectra of IPN gels swollen by CDCl3. IPNs that 
contained polymer 5 did not swell appreciably in 
CDC13: therefore NMR characterization was accom- 
plished using 'H analysis for a sample that was lightly 
swollen by CDCl3 or by solid-state 13C NMR spectros- 
copy. Table 2 summarizes the ratios of the components 
in each of the IPN systems, as determined by 'H NMR 
spectroscopy. 

DSC analysis was used as an initial probe of the 
compatibility between the two polymers in each IPN 
and, by inference, the degree to which the component 
polymers formed an evenly dispersed network in the 
hydro- or organogels. A miscible IPN generates only one 
glass transition (T,) detectable in the DSC spectrum, 
located between the values of the component polymer 
Tis .  In a semi-miscible IPN, either two Tg's are 
detected, displaced toward the center of the spectrum 
from the values of the parent polymers, or three 
transitions are found, with two displaced toward the 
center of the spectrum and one Tg lying between the 
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Table 3. Glass Transition Temperature (DSC) Data 

114 -791-1/+32/+58 214 - 12/+1/+3 1/+76 
115 -41/+3.5 215 -15/+54 
116 -75 216 +11 
2/3 -15/+15/45 

a "Parent polymer" T i s :  1 = -84 "C; 2 = -23 "C; 3 = +5.3 "C; 
peak at +33 "C; 4 = -1, +32, 58 "C; 5 = 106 "C; 6 = +112 "C. 

values of the component polymers. This third transition 
indicates the existence of regions of significant compat- 
ibility between the two component materials. In a 
totally immiscible material, two T i s  may be found at 
the Tg values of the component polymers. None of these 
IPNs were completely miscible. The DSC analyses 
indicated that IPNs composed of 115,215, and 2/6 were 
semimiscible mixtures (with Tg displacements of 40l100, 
10150, and 35 "C for component 2 in 216, respectively). 
IPNs composed of 114 and 214 were found to be im- 
miscible by DSC. IPNs 213 and 116 were on the verge 
of being immiscible, with Tg displacements of only 101 
10 "C for polymers 2 and 3 and 9 "C or less for polymer 
1. The DSC characterization data are shown in Table 
3. 

Electron microscopy is probably the most effective 
way to identify domain structures in an IPN system. 
IPNs that appear to be miscible by DSC analysis may 
possess a definite domain structure that can be detected 
by TEM analysis. Several of the uncomplexed IPNs 
(116, 2/6,1/5, 2/5, and 2/31 were studied by TEM in order 
to provide data for comparison with the complexed 
analogs. Species 114 and 214 could not be studied by 
TEM in the uncomplexed state because of experimental 
difficulties with sample preparation due to the softness 
of the materials. An example TEM photograph of 2/3 
is shown in Figure la ,  which illustrates the rather 
featureless domain structure before complexation. A 
comparison of this photograph with those obtained after 
metal complexation (Figure lb) illustrates the enhanced 
contrast and visualization of domain structure that can 
be obtained by metal coordination. 

Metal Ion Absorption Experiments. (a) IPNs 
Based on MEEP (1). MEEP was used as the comacro- 
molecule in specific IPNs to ensure that these systems 
would function as extensively swollen hydrogels which 
would expose the incoming metal ions to the maximum 
number of coordination sites. Control experiments were 
performed initially in which samples of cross-linked 1 
(with no comacromolecule in the network) were exposed 
to aqueous solutions of mercury(I1) nitrate, magnesium- 
(11) nitrate, calcium chloride, zinc sulfate, silver nitrate, 
iron(I1) chloride, and copper(I1) chloride for 340 h to 
ensure complete swelling of the network and maximum 
exposure to the salts. The complexes were then ex- 
tracted by repeated washings, soaking, and swelling 
with water over 72 h. These studies were carried out 
to determine if the MEEP component of the IPNs 
complexed metal ions independently. These materials 
were analyzed by X-ray microanalysis. Polymer 1 
complexed traces of iron but did not retain Hg2+, Mg2+, 
Ca2+, Zn2+, Ag+, or Cu2+. This result was taken as 
tentative evidence that the MEEP matrix would not 
interfere with cation coordination at the organic polymer 
active sites. 

The MEEP-containing IPNs were then immersed in 
solutions of the same metal ions to determine their 

coordination properties. During this time, the migration 
of colored cations into the hydrogel could be followed 
visually (green for Fe2+, blue-green for Cu2+, and red 
for Ag+). The IPN adducts were then washed and 
soaked in water for 72 h to remove uncoordinated metal 
ions. The materials were dried in vacuo, and the 
samples were sectioned to determine if the color was 
concentrated only at the surface or was uniform through- 
out the material. In all cases, the color changes were 
uniform throughout the solid. In some cases, changes 
also occurred in the physical properties of the material. 
For example, IPN 114 became markedly less flexible 
after complexation. 

Exposure of the IPN adducts to solutions of aqueous 
sodium chloride or sodium hydroxide for 340 h provided 
an evaluation of the ease of replacement of the metal 
ions by sodium ions.31 The metallosulfonic acid IPNs 
were treated with 2 M NaC1, the carboxylic acid IPNs 
with 1 M NaC1, the methylimidodiacetic acid IPNs with 
1 M NaOH, and the phosphoric acid IPNs with 2 M 
NaC1. The metal ion complexed IPNs were also exposed 
to pure water for 340 h to determine if the complexed 
ions could be removed by prolonged extraction. 

(b) IPNs Based on Polymer 2. The use of polymer 2 
as a component of the IPNs was based on the idea that 
a hydrophobic or amphiphilic comacromolecule would 
allow metal ion complexing from organic media. For 
example, the presence of 2 in an IPN would convert an 
essentially water-soluble or hydrophilic polyelectrolyte 
system into one that would swell in organic solvents and 
function as an organogel. The complexation experi- 
ments were carried out with the same salts as used in 
the MEEP systems but with THF employed as the 
solvent for ingress of the ions and washing of the 
complexes and as the ion extraction medium. All the 
conditions and concentrations were the same as for the 
MEEP-based systems. 

First, it was found that cross-linked 2, in the absence 
of another polymer, bound silver ions very strongly, and 
that the silver ions could not be extracted after repeated 
washings with THF. Second, complexation took place 
between the IPNs based on 2 and cations specific to the 
organic polymer component. As in the case of the 
MEEP-based IPNs, metal coordination resulted in a 
marked decrease in the flexibility of the materials. For 
example, IPNs 214, 115, and 215 were flexible or elasto- 
meric before exposure to the metal ion solutions but 
were less flexible after complexation and solvent re- 
moval. 

Characterization of the Metal-Complexed IPNs. 
The solvent-free, metal-complexed IPNs and the non- 
complexed control samples were examined by transmis- 
sion electron microscopy (TEM) and scanning electron 
microscopy (SEMI with the details of the TEM and SEM 
micrographs being probed by X-ray microanalysis. A 
phosphazene polymer, with its P=N backbone, appears 
darker in TEM micrographs than a totally organic 
polymer (this can sometimes eliminate the need to stain 

(31) Sodium salts, normally sodium chloride or sodium hydroxide 
of varying strengths, are used to regenerate commercially available 
ion exchange media that possess different acidic functionalities by 
replacing the complexed metal ions with sodium ions. 

(32) Allcock, H. R.; Pucher, S .  R. Macromolecules 1992, 25, 5573. 
(33) (a) Bailey, F. E.; Callard, R. W. J .  Appl. Polym. Sci. 1959, 1 ,  

56. (b) Saito, S.  J. Polym. Sci. A 1969, 7, 1789. (c) Schick, M. J.; Atlas, 
S. M.; Eirich, F. R. J .  Phys. Chem. 1962, 66, 1326. 
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Figure 1. (a) Transmission electron micrograph of IPN 2/8 before metal complexation. (b) Transmission electron micrograph of 
2/3 after complexation with copper. (e) X-ray microanalysis of 2/S/Cu complexed IPN. (d) X-ray microanalysis of WWCu complexed 
IPN after extended exposure to aqueous NaCI. 

the samples to determine.the domain structure). How- 
ever, domains with complexed metal ions should appear 
even darker than the phosphazene polymer, and it was 
of interest to explore the effect of complexation on the 
visualization of the domain structure. The identification 
of the different regions was accomplished by TEM X-ray 
microanalysis of the domains in each metal-complexed 
IPN and by comparison with the corresponding uncom- 
plexed IPNs and the species formed by displacement of 
the metal ions by treatment with aqueous sodium ion. 
The level of complexation of metals was estimated 
qualitatively by SEM X-ray microanalysis of the metal 
ion peaks in the bulk materials. This method did not 
provide a reproducible quantitative analysis, but it did 
give a clear indication of relative levels of metal ions in 
the different domains, including the presence of sodium 
ions following treatment with NaCl or NaOH. 

The results are shown in Table 4. On the basis of 
the dimensions of the SEM X-ray microanalysis peaks, 
the strongest metal complexation was detected for the 
systems 114 with Hg and Ag; for 1/5 with Mg, Zn, and 
Ca; and for 116 with Zn, Ag, Fe, and Cu. Weaker 
complexation was seen for the systems 1/4 with Mg and 
Zn. Within the series based on polymer 2, strong 
complexation was detected only for the 2/3/Ag and 
2/4/Mg systems and for 2/6 with the Fe system. Weaker 
complexation was detected for systems composed of 
2/3/Hg and Cu, 2/4 with Zn, Y5/Mg and Zn, and 2/6 with 
Zn, Ag, and Cu. Release of the complexed ions was 
achieved by treatment of most of the IPN metal com- 
plexes with sodium ions, but specific examples were 
found where the complexation of the transition metal 

ions could not be reversed by exchange with sodium ions 
under mild conditions (1/6/Ag, Fe, Cu; 2/3/Cu; WUAg; 
2/5/Mg; 2/6/Ag, Fe, Cu). Solvent extraction of the 
complexed metals by treatment of the IPNs with water 
or THF occurred in a few cases (see Table 4). It should 
be noted that removal of the metal ions by treatment 
with acids was precluded for the IPNs that contained 
MEEP since, as will be discussed, that polymer under- 
goes degradation under strongly acidic conditions. 

Complexation as a Means for Domain Visualiza- 
tion. The following description provides specific infor- 
mation about the way the materials structure of the 
metal-IPNs was established. Several uncomplexed 
IPNs, including 1/6,2/6, and 2/3, were characterized hy 
TEM as controls. In should be noted that species 2/3 
contains phosphorus atoms in both component polymers. 
Hence, the domain contrast in this system was insuf- 
ficient to allow a visualization of the internal phase 
structure. The IPNs containing l/UAg, 1/6/Cu, 1/6/Ag, 
1/6/Zn, 2/3/Cu, and W M g  were also analyzed by TEM. 
All the TEM micrographs of the metalloderivatives 
showed regions of complexation of the metal ions within 
the IPN. Figure la shows a TEM representation of IPN 
2/3 before reaction with a metal salt. In comparison 
(Figure lb) the bright green system formed between IPN 
2/3 and copper ion clearly revealed granules or clusters 
attributed to copper ions dispersed throughout the 
material. This copper complexation was confirmed by 
X-ray microanalysis. Figure IC summarizes the SEM 
X-ray microanalysis of the bulk 2/3/Cu sample, and the 
presence of copper was clearly detected. Further X-ray 
microanalysis studies were undertaken using the TEM 
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Table 4. Metal Ion Complexation Data from X-ray 
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solvent exposure. Decomposition of polyphasphazene. 

in which the metal-rich domains were compared to the 
metal-poor regions. TEM X-ray microanalysis showed 
a definite lack of copper in the "lighter" areas. Figure 
Id shows the X-ray microanalysis of the material after 
exposure to NaCI. It is evident that most of the copper 
had been displaced by the sodium ions. 

Figure 2a shows a TEM micrograph for W4 after 
complexation with mercury. The mercury-rich regions 
appear as dark spots evenly dispersed throughout the 
material. The presence of the mercury was confirmed 
by the data in Figure 2b which shows the results of an 
SEM X-ray microanalysis of the W4/Hg bulk material 
after metal complexation. The dark spots in the TEM 
micrograph were further probed by TEM X-ray mi- 
croanalysis and compared to lighter areas in the mi- 
crograph. This confirmed the presence of mercury in 
the dark regions and a lack of mercury in the light areas 
of the TEM micrograph. The displacement of mercury 
ions is evident in Figure 2c, which illustrates the X-ray 
microanalysis of the same system after extended expo- 
sure to aqueous NaCI. The data indicated a lack of 
mercury and the presence of sodium. Thus, the coor- 
dination of mercury to this IPN is reversible. 

The extensive complexation of silver ions in the 1/4 
IPN is clearly visible in Figure 3a. The regions rich in 
silver ions are evident from the dark patches throughout 
the material. We are currently exploring the nature of 
this metal clustering. This material has a deep rust red 
color which extends through the entire sample. Figure 
3b is an SEM X-ray microanalysis of the bulk 1MAg 
system which demonstrates the presence of silver ions 
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Figure 2. (a) Transmission electron micrograph of IPN 2/4 
after complexation with mercury. (b) X-ray microanalysis of 
2/4/Hg complexed IPN. (e) X-ray microanalysis of U4/Hg 
complexed IPN after extended exposure to aqueous NaCI. 

in the material. The dark patches evident throughout 
the TEM micrograph were further characterized by 
TEM X-ray microanalysis which indicated the presence 
of silver in the dark regions and the absence of silver 
in the light areas of the micrograph. Figure 3c shows 
the disappearance of these silver ions when the IPN was 
treated with aqueous NaCI. Thus, this material can 
reversibly exchange silver ions. 

Figure 4a shows a TEM micrograph for 116 after 
complexation with copper. This material has a brilliant 
blue color. The copper ions were detected as the dark 
spots throughout the TEM micrograph, and the pres- 
ence of copper was confirmed in the bulk sample by 
SEM X-ray microanalysis shown in Figure 4b. The dark 
spots in the TEM micrograph were investigated using 
TEM X-ray microanalysis and compared to regions of 
the micrograph without dark spots. The dark areas 
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Figure 3. (a) Transmission electron micrograph of 1/4 IPN 
after complexation with silver. (b) X-ray microanalysis of 1/4/ 
Ag complexed IPN. (c) X-ray microanalysis of 1/4/Ag com- 
plexed IPN a k r  extended exposure to  aqueous NaCI. 

contained copper and the other regions contained no 
copper. This IPN is different from those described 
previously because it tends to retain the complexed 
copper ions even after extended exposure to NaOH 
solutions. This behavior is attributed to the presence 
of polymer 6, which is a strong chelating material. 
Figure 4c shows an X-ray microanalysis of 1/6/Cu after 
extended exposure to NaOH solution. Peaks for both 
copper and sodium are evident, and little difference 
exists in the intensity of the copper peaks in Figure 4b, 
and c. In principle, strong acids might be used to 
remove the copper ions but, as stated previously, this 
could decompose the phosphazene polymer. 

Figure 5a shows a TEM micrograph of the same 1/6 
IPN after complexation with zinc ions. Again, the zinc- 
rich regions appear as extensive dark areas throughout 
the material. The presence of zinc was confirmed in the 

Figure 4. (a) Transmission electron micrograph of IPN 116 
after complexation with copper. (b) X-ray microanalysis of UW 
Cu complexed IPN. (e) X-ray microanalysis of UWCu com- 
plexed IPN a h r  extended exposure to aqueous NaOH. 

bulk material by the SEM X-ray microanalysis data 
shown in Figure 5b. The dark patches in the TEM 
micrograph were examined by TEM X-ray microanalysis 
and were compared to the light regions. The dark areas 
were found to contain zinc, whereas the light regions 
contained no zinc ions. Figure 5c shows the SEM X-ray 
microanalysis of the bulk 1/6/Zn sample after extended 
exposure to NaOH. The disappearance of the peaks 
corresponding to zinc suggests that the zinc ions are not 
bound as tightly as were the copper ions in the previous 
example and may be removed by exposure to Na ions. 
This difference in complexation could be due to the fact 
that copper is more electron deficient than zinc and 
better able to complex to this particular ligand. 

A TEM micrograph of 1/6 after complexation with 
silver ions is shown in Figure 6a. This micrograph is 
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Figure 5. (a) Transmission electron micrograph of 116 IPN 
after complexation with zinc. The distinctive light-toned 
circular regions are from voids in the material. (b) X-ray 
microanalysis of 11Wn complexed IPN. (c) X-ray microanaly- 
sis of 1/6/Zn complexed IPN a b r  extended exposure to 
aqueous NaOH. 

very similar to that in Figure 5a where both samples 
show the metal ions as dark spots throughout the IPN. 
The 1/6/Ag has a dark redlrust color. The presence of 
silver in the bulk material was confirmed by the SEM 
X-ray microanalysis data in Figure 6b, and the dark 
spots were shown by TEM X-ray microanalysis to 
contain silver ions, but no silver was detected in the 
light regions of the IPN. This IPN behaves similarly 
to the 1/6/Cu system in that the silver ions, like copper, 
are complexed very strongly to the organic polymer. The 
X-ray microanalysis data for 1/6/Ag after extended 
exposure to NaOH solution is shown in Figure 6c. The 
concentration of silver ions is similar in both Figures 
6b and 6c, but the clustering of silver ions is more 
noticeable in Figure 6c. 

Figure 6. (a) Transmission electron micrograph of IPN 116 
after complexation with silver. (b) X-ray microanalysis of 1/61 
Ag complexed IPN. (e) X-ray microanalysis of 11WAg com- 
plexed IPN aRer extended exposure to aqueous NaOH. 

Stability of MEEP in Aqueous Media at Differ- 
ent pH Conditions. The instability of MEEP in the 
presence of monomer 3 raised questions about the 
behavior of this polymer in acidic media in general. For 
this reason, a series of experiments was undertaken to 
assess the long-term stability of this polymer in aqueous 
media over a broad pH range. It was found that MEEP 
is stable for long periods of time in contact with neutral 
or basic aqueous media, but undergoes slow hydrolysis 
under acidic conditions. 

Stability of MEEP in near-neutral or basic aqueous 
media: First, it was found that MEEP is stable in borate 
buffered saline solution at pH 7.0 at room temperature 
and at 37 "C for long periods of time. No changes were 
detected by 3IP NMR spectroscopy over 8 weeks at  either 
temperature. Second, the polymer is stable for years 
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in slightly acidic media a t  room temperature. For 
example, a sample of MEEP, which had been cross- 
linked by 7 Mrad of 6oCo y-radiation (roughly 45 cross- 
linkdl5 000 repeat unit chain) and had been swollen 
to  a hydrogel and stored in pH 6.5 water, retained its 
hydrogel properties without decomposition for 5 years. 
Only after this time did the material eventually dissolve 
in the aqueous medium, a process that appeared to be 
the consequence of hydrolysis. 31P NMR spectra of the 
hydrolyzate contained a major peak at  -7 ppm from the 
MEEP structure and a small peak at  -3 ppm, which 
was attributed to phosphates generated by hydrolysis. 
FT-IR spectra contained the characteristic phosphazene 
stretching peaks as well as peaks attributed to amine 
functionalities (3500 and 1650 cm-l) and ammonium 
ions (1950 cm-l). The molecular weight of the starting 
material (before cross-linking) was estimated to be in 
the region of 1 x lo6, but GPC analysis showed that 
the hydrolyzed sample now had a molecular weight of 
approximately 4 x IO4. Increases in temperature from 
37 to 90 "C induced detectable hydrolysis within 10 days 
a t  pH 6.5 to give phosphates, that were identified by 
31P NMR spectroscopy and by the zirconyl chloride test. 

The possibility was considered that the hydrolytic 
sensitivity of MEEP a t  pH 6.5 and 90 "C was due to 
the presence of phosphorus-chlorine bonds that had not 
been replaced during the original polymer synthesis 
reaction. This is an exceedingly difficult explanation 
to disprove since there are an average of 30 000 side 
groups per macromolecule, and only a few unreacted 
chlorine atoms could in principle sensitize the system 
to reaction with water, replacement of chlorine by 
hydroxyl, and initiation of a hydrolytic breakdown of 
the macromolecule. These chlorine atoms might be 
detectable by elemental analysis of the polymer, but 
elemental analyses of the MEEP before hydrolysis 
showed only 0.046% chlorine in the material. It is 
unclear whether these chlorine atoms were due to 
unsubstituted sites on the polymer, salts trapped within 
the polymer, or merely the result of the error inherent 
in the analysis itself. Moreover, it is difficult to exclude 
the possibility that the room-temperature aqueous 
dialysis procedure used for purification of the MEEP 
before the hydrolysis experiments brought about hy- 
drolysis of residual P-C1 bonds and thereby introduced 
hydroxyl side units that remained quiescent until the 
temperature was raised for the 90 "C experiments. 

The hydrolytic behavior of MEEP in bases was also 
studied. Samples of cross-linked and un-cross-linked 
MEEP were exposed to solutions of NaOH (up to 10 M), 
Na2C03 (up to 3.5 M), and NaHC03 (up to 1.5 M). Un- 
cross-linked samples of MEEP dissolved in all concen- 
trations of NaOH lower than 1.25 M (the MEEP was 
only partially soluble in 1.25 M NaOH). 31P NMR 
spectroscopy indicated no decomposition of the polymer 
after a period of one month a t  25 "C. Similarly, no 
polymer decomposition was detected in solutions of the 
other two bases. 

It should also be noted that un-cross-linked MEEP 
precipitates from solution in the presence of high 
concentrations of NaOH, KOH, NaC1, and CaC12. Hy- 
drogels derived from MEEP also shrink and extrude 
water under these circumstances. For example, aque- 
ous solutions of MEEP, when titrated with aqueous 
solutions of these salts or bases, underwent polymer 
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Figure 7. Hydrolysis of MEEP in 12.4 M aqueous hydrochlo- 
ric acid as detected by the ratios of the 31P NMR peaks for 
NP(OCH&H2OCH2CH20CH& units a t  -7 ppm to those for 
phosphate a t  0 ppm. Each initial bulk sample of MEEP 
weighed approximately 0.1 g. 

Table 5. Molecular Weights of MEEP after Exposure to 
Concentrated Acid 
un-cross-linked, cross-linked, cross-linked, 

complex 24 h 72 h 2 weeks 

MEEPMCl(12.0 M) 7.5 x 103 3.3 x 103 3.4 x 103 
MEEPMzSO4 (18.0 M) 2.7 x lo4 1.3 x 104 5.4 x 103 
MEEP/HN03 (9.0 M) 6.4 x lo4 1.9 104 3.0 103 
MEEPM3P04 (6.9 M) 1.3 x lo6 3.8 x lo4 2.7 x lo4 

precipitation at  concentrations of 1.0 M NaOH, 1.0 M 
KOH, 3 M NaC1, or 5 M CaC12. This precipitation may 
reflect a competition by the ions for the water molecules 
in the polymer hydration sheath, in the same way as 
has been proposed for poly(ethy1ene oxide).33 Whatever 
the explanation, it indicates that the degree of swelling 
of MEEP hydrogels and the IPN hydrogels can be 
controlled by the concentration of salts and bases in 
solution, and this clearly has implications for the use 
of these materials as ion-exchange species. 

MEEP hydrolysis by exposure to strong acids: Cross- 
linked MEEP hydrogels dissolved in strong acids such 

= -1.41, and H3P04 (pKa = +2.2) after 72 h. The 
solutions were brought to neutral pH and the products 
were analyzed by 31P NMR, FT-IR, and GPC methods. 
31P NMR analysis showed new peaks at  -3 and 0 ppm 
(phosphates) in addition to the MEEP peak at  -7 ppm. 
Infrared spectroscopy showed peaks at  3500 and 1640 
cm-l and a characteristic ammonium ion peak at  1950 
cm-l. GPC analysis indicated a significant decrease in 
molecular weight, from 1 x lo6 for the starting material, 
to approximately 1 x lo4 for the hydrolyzed species. 
After 2 weeks of exposure to the strong acids at  room 
temperature the un-cross-linked polymer molecular 
weight had decreased to approximately 5 x lo3. The 
relationship between 31P NMR hydrolysis peaks for 
cross-linked MEEP and exposure time to 12.4 M HC1 is 
shown in Figure 7. Samples of un-cross-linked MEEP 
were also exposed to  strong acids for 24 h. GPC 
molecular weight data for both the cross-linked and un- 
cross-linked MEEP experiments are shown in Table 5. 

The effect of different acid strengths on the hydrolysis 
was also investigated by exposure of MEEP to different 
concentrations of HC1 ranging from 12.4 to 0.024 M for 
24 and 48 h time periods. In all cases, the 31P NMR 

as HC1 (PK, = -7.71, HzS04 (PKa = -5.21, HN03 (PKa 
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Figure 8. Molecular weight decline of MEEP after exposure 
to different concentrations of hydrochloric acid during 24 and 
48 h at room temperature. The molecular weights were 
estimated by gel permeation chromatography. 

spectra revealed the presence of hydrolysis product 
peaks at  -3 and 0 ppm a t  high concentrations of acid, 
with the peaks increasing in height with increased 
reaction time. FT-IR analysis showed the normal 
phosphazene stretching bands as well as a possible NH 
stretch at  3500 cm-l, an NH2 stretch at  1640 cm-l and 
the characteristic NH4+ stretch at  1950 cm-l-all of 
which had been observed in the other hydrolysis experi- 
ments. GPC analysis showed an almost logarithmic 
molecular weight loss for the samples exposed to acid 
for both 24 and 48 h. These molecular weight data are 
depicted in Figure 8. 

We speculate that the hydrolysis of MEEP under 
acidic conditions follows a pathway in which protonation 
of the backbone nitrogen atoms or cleavage of a P-0 
side group linkage generates a phosphamne structure 
(P(0)-NH-) which would be sensitive to  hydrolytic 
cleavage. 

Conclusions 

Ion-complexing IPNs composed of poly(organophos- 
phazenes) and organic polymers can function as ion- 
exchange materials and may be useful as cation removal 
matrices. The MEEP systems are probably more ap- 
propriate for use in aqueous ion-exchange devices 
because of the hydrophilic nature of the IPNs. The poly- 
[bis(propyloxy benzoate-phosphazene)] systems worked 
well for cation removal from organic media. 

The use of IPNs for metal complexation (rather than, 
for example, copolymers) has the advantage that the 
ratios of the component side groups can be varied easily 
by changes in the ratios of the two polymers without 
the introduction of block copolymer components and 
without regard to the reactivity ratios of two different 
monomers. The “contact volume” available for complex- 
ation within an IPN may also be modified by controlling 
the degree of cross-linking of the IPN component 
polymers. The advantage in the use of the polyphos- 
phazenes in these systems is the way in which the 
hydrophilicity, hydrophobicity, and coordination proper- 
ties of the matrix can be controlled by the choice of the 
appropriate side groups and their ratios. The radiation 
stability of the phosphazene backbone is an added 
advantage when radiation-induced cross-linking via 
organic side groups is employed. 
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