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Abstract Reaction of Cu(BF4)2 salt with the polymer

[NP(OC6H4C(O)C–OC6H5)2]n (1) in THF affords three

new polymers gels containing varied copper (II) ions

contents, (2), (3), and (4). The nature of the copper (II) ions

in the gel (2)–(4) was examined by IR spectroscopy, solid

state 31P, 13C and 63Cu NMR spectroscopy and EPR

spectroscopy. Despite the copper content, the gels were

insulators as measured by complex impedance spectros-

copy. SEM images show a uniform distribution of the Cu

(II) ions and a most porous morphology than those without

copper polymer. TEM images show the formation of small

aggregates being smallest for, gel (2) of about 200 nm. All

the data suggest the Cu2? centers behave as a solid dilute

into the polyphosphazenes.

Keywords Polyphosphazene � Copper (II) � Gels �
Metallopolymer

1 Introduction

The incorporation of metal ions into polymers is of great

interest from both the fundamental and application point of

view. Although the interaction of organic polymers with

ion metal have been extensively studied [1–7] there are

relatively few reports on the interaction of inorganic such

as polyphosphazenes with metal ions [8–12]. It well known

in general that the incorporation of single metals ions to

polyphosphazenes affords gels materials. Allcock et al.

[9–12] has studied the formation of microspheres from the

cross-linking of the water soluble polymer poly[bis(carb-

oxylatophenoxy)phosphazene] with ions metals [9, 11, 12]

and the formations of hydrogel or organogel from the

polymers soluble water poly[bis(2-(2-methoxyethoxy)eth-

oxy)-phosphazene] and the organic soluble poly[bis(pro-

pyloxybenzoate)phosphazene] respectively [10]. Among

the used metal ions such as Ca, Na, Mg, Zn, Hg, Ag and Fe,

some gels containing Cu2? have been reported [10, 12] but

the nature of the Cu environment has been not studied in

detail.

In general the interaction of a polyphosphazene with an

ion metal can occur via three approaches [8], see

Scheme 1.

Some examples of type 2 and 3 cross-linking by metal

have been reported but few examples of cross-linking of

polyphosphazenes having side spacers with donor atoms

D with metals, type 1 process, have appeared in the

literature [8]. The way how the nature of the donor

group influences the properties of the material product is

not clear. With the aim to study the detailed effect

of the copper(II) ions coordinated to a polyphosphazene,

here we report the gelation of the polymer [NP(OC6H4

C(O)C–OC6H5)2]n with varied amounts of Cu(II). The

interaction of the Cu ions with the polymers was studied

by IR spectroscopy, solid state 31P, 13C and 63Cu NMR

spectroscopy and EPR spectroscopy. Modifications

caused by the Cu ions in the polymeric chain are also

discussed.
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2 Experimental Part

2.1 Physicochemical Measurements

All operations were performed using N2 atmosphere and

dry solvents. Cu(BF4)2 was purchased from Aldrich. The

polymer [NP(OC6H4C(O)C–OC6H5)2]n (1) was prepared as

previously reported [13]. Solvents were dried and purified

using standard procedures.

FT-IR spectra were obtained on a Perkin Elmer Paragon

1000 spectrophotometer. Wavenumber are given in cm-1.

Thermal gravimetric analysis was obtained on a Netzsch

STA 409 instruments. The polymer samples were treated at

a rate of 10 �C from ambient to 800 �C under a constant

flow of argon. CP/MAS NMR experiments were carried on

a Bruker AMX-300. Crystalline CuCl was used as standard

for the 63Cu NMR measurements, and the position of its

peak was referred to 0 ppm.

The powder X-ray diffraction (XRD) was performed at

room temperature on a Siemens D-5000 diffractometer.

The XRD data were collected using Cu Ka radiation (40 kV

and 30 mA). Electrical conductivity was measured by

impedance spectroscopy using an electrochemical.

Impedance Analyzer from Autolab PGSTAT-12. Samples

were compacted under 10 tons of pressure to give pellets.

EPR experiments were performed using a Varian spec-

trometer E109 operating in X-band region equipped with

Oxford liquid helium criostate. Powder samples were

accommodating into quartz tube with 3 mm internal

diameter and pre-freeze at liquid nitrogen.

SEM photographs were taken with a Philips EM 300

microscope. TEM images were recorded on a JEOLSX100

transmission microscope, using fine powdered samples

dispersed in water and dropped on a conventional carbon-

wasted copper grid.

2.2 Preparation of the Gels Compounds

2.2.1 General Procedure

Over the Cu(II) salt (0.25 g (2), 0.05 g (3) and 0.025 g (4);

1, 0.2, 0.1 mmol respectively) and in THF (5 mL) was

dropwise added the polymer (1) 0.5 g, 1 mmol, dissolved

in 5 mL. The solution stirred by additional 3 h and

n-hexane was added to give a light sky-blue to white gel

precipitates. The suspension was stirred by other 30 min

and the solid filtered under a slight vacuum. The solid was

washed with THF and dried in vacuo at for 3 h. Approxi-

mate Cu content was estimated by elemental analysis.

Values are displayed in Table 1.

3 Results and Discussion

3.1 Preparation and Characterization

Reaction of the polymer (1) with Cu(BF4)2 in THF affords

the insoluble gel materials (2), (3) and (4) containing

variable metal amounts depending on the initial cooper
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Scheme 1 Different ways by

which an ion metal can

coordinate polyphosphazenes

chains

Table 1 Experimental data for the gels 2–4

Polymer gel Cu (II)/polymera % Cub Formulac

(1) 0 0 [1]

(2) 1/1 81 [1]0.72 [Cu]0.27

(3) 1/5 20 [1]0.82 [Cu]0.14

(4) 1/10 4.8 [1]0.989 [Cu]0.011

a Initial molar relationship
b Incorporation of copper (II) ions from elemental analysis and

referred to the initial copper added as 100%
c Approximate composition of the gel
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salts used: 1:1, 1:5 and 1:10 M relation Cu(II):polymer (1).

Elemental analysis reveals a cooper content between 85

and 5%. IR spectra of the products exhibits the m(BF4)

bands only for the highest copper content products (2) at

1072 cm-1, zone which the polymer (1) does not exhibit

absorptions. For the other gel products, this band was not

observed owing probably to the low copper content.

Characterization of the gel (2)–(4) and their precursor

polymer (1) was also achieved by 1H, 31P, 13C and 63Cu

CP/MAS—NMR. The 31P spectra of the compounds

(1)–(4) are similar, those of (2) in Fig. 1.

As observed for other polyphosphazenes [14–19] the

spectra displayed the two signals corresponding to the

crystalline and amorphous part of the polymers for each

signal [16, 18]. Small changes are observed when in

comparing the metal-free polymer (1) with the Cu (II)

containing polymer. The chemical shift almost does not

change significantly, i.e. 10.82 and 14.89 ppm for the

without polymer, shifted slightly to 11.30, 13.62 ppm for

(2); 11.10, 13.60 ppm for (3); and 11.05, 13.72 ppm for

(4). The relative intensities are proportional to the percent

of crystallinity of the polymer [14–19].

The 13C spectra exhibits similar signals to solution data

of polyphosphazene containing OC6H4C(O)OC6H5 groups

[20]. Data are shown in Table 2. To our knowledgement no

solid state data have been reported for polyphosphazenes

containing the OC6H4C(O)OC6H5 group. Therefore our

comparison was based on data in solution [20]. The rela-

tively broad peaks both 31P and 13C indicate that the poly-

mer backbone became rigid at room temperature [14–18].

As expected for a paramagnetic Cu (II) ion, the 63Cu

NMR spectrum, measured using CuCl as reference

[21, 22], give broad and shifted peaks. Data are shown in

Table 2. Cu (II) ions normally appear in the range

0–100 ppm [21, 22].

As can be observed the magnitude of the shifts increases

as the concentration of the Cu (II) ions in the gel increases.

Also the full widths at half maxima (FWHM) increase as

the content of the copper ions enhances, both typical

behaviors of paramagnetic species (Table 3).

Fig. 1 Solid state 31P-NMR

spectrum of polymer gel (2) at

room temperature. Asterisks

marked are side bands

Table 2 13C-NMR data (d, ppm) for the polymer (1) and their Cu (II) gel derivatives

Polymer/gel COa C6H5 OC6H4
a

(1) 197 172.9 157 b b b 130.26 124 114

(2) 193 171.29 154 136.1 132.7 132 129.2 126.1 111

(3) 193.7 173.2 155.5 138 131.4 131.4 129.34 119.6 110.9

a Assigments based on Ref. [20]
b Broad signal does not allow distinguishing between these maxima

308 J Inorg Organomet Polym (2010) 20:306–312

123



To date we have not found experimental explanation for

the observation of NMR signals despite the presence of

paramagnetic Cu2? in the polymeric chains. A rather

speculative reason could be the long distance between the

copper paramagnetic centers (due to the relatively low

content of the copper within the polymer; three coordinated

copper for each 7 uncoordinated NP(OC6H4C(O)C–

OC6H5) units in (2)).

Further evidence of the presence of copper (II) ions and

their environments was attempted by EPR studies. As

shown Fig. 2 the EPR spectrum of the gels (2), (3) and (4)

at 130 K and their pure Cu(BF4)2 exhibits changes that

indicate typical tetragonal distortion of the copper (II) ions

with g values of: gk = 2.0844; g\ = 2.229 at the most

dilute Cu contents i.e. 1:10 and 1:5. On the other hand at

more concentrated Cu 1:1 M ratio a broader signal cen-

tered at g\ = 2.3 owing to the stronger Cu–Cu interactions

was observed. Thus this parameter is typical of tetragonal

compressed or bipyramidal trigonal coordination of copper

[23, 24] situated in vicinal molecules. It should be noted

that the value of gk\ 2.3 indicates a considerable covalent

character of the Cu-polymer bonds [25, 26].

Thus the EPR changes of the signal shapes are similar to

those observed for Cu?2 impregnated in silica matrix at

different Cu:SiO2 molar ratios [27].

Then a possible model for this situation could be rep-

resented as in Fig. 3.

Figure 3a shows a possible representation of the envi-

ronment of the copper (II) ions in the higher copper content

polymer gel (2) and Fig. 3b shows a model of the envi-

ronments of the copper (II) ions in the most dilute polymer

gels (3) and (4). In this latter situation another model

compatible with the observed g isotropic value, could be

one with the copper ions undergoing free rotation within

cavities formed inside the polymer [23, 27], Fig. 3c. It is

known that coordination metal complexed to polymers can

modify the structure/conformation of the polymer [28]. In

the polymer gels (2)–(4) the concentration of the copper

(II) ions, can indeed affect the conformation of the polymer

for instance as shown by the models in Fig. 3.

3.2 Thermal Studies

Thermal effects on the Cu (II) gelation were studied by

Thermogravimetry (TGA) and Differential Thermal Anal-

ysis (DSC). TGA under argon atmosphere indicates as

observed in previous works [29–37] an increase of the

pyrolytic residues as the metal content enhances. Pyrolytic

residues are 68.58, 63.45 and 71.89% when going from gel

(4) to gel (2). This can be due to the increase of the cross-

Table 3 63Cu NMR for polymer gels

Polymer gel d (ppm)a Fwhmb (ppm)

(2) -520 900

(4) -367 360

CuCl 0 7

a Broad peaks. Taken from the maxima from CuCl as reference
b Fwhm full widths at half maxima
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Fig. 2 EPR spectra recorded at 130 K in solid state of the 1:1; 1:5;

and 1:10 M ratios Cu/polymer. For comparison the EPR of the pure

Cu(BF4)2 was also recorded
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Fig. 3 Schematical representation of models of coordination of

copper (II) ions in the polymer gels, according to the EPR spectra: a
gel (2), b gel (4), c another compatible model with gel (4)
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linking by the metal ions. However no significants changes

on their Tg values on increasing the copper content was

observed. The free metal polymer exhibits a Tg = 60 �C

[13], while a value around Tg = 54 �C was observed for

copper containing gels. Although the Tg of polymer

enhance with coordination of metal ions in some cases a

decreasing has been observed [37]. This can be due to a

enhancing of the flexibility of the polymeric chains owing,

probably, to steric effects of the Cu(II) ions which decrease

the interaction between the polymeric chains in the unco-

ordinate polymer.

Morphology changes of the polyphosphazene without

metal, after copper incorporation was studied by SEM. A

more porous morphology was observed in comparing

with the polymer without metal (fiber morphology not

shown), as can be viewed from Fig. 4. In most copper

charged materials (84% copper incorporation) the copper

agglomerates are viewed as bright points as seen from

Fig. 4. The high luminosity exhibited by SEM images of

copper containing nanostructures is typical of nanocom-

posites containing some transition metal ions [38–40].

EDAX analysis exhibits the expected peaks of the car-

bon and phosphorus atoms of the polyphosphazenes with

the copper in increasing amounts agrees with the enhancing

incorporation of copper found by elemental analysis.

Table 4 displayed the Cu, P, and C content for the mate-

rials, determinate by EDAX.

The low magnification TEM images present a typical

‘‘raspberry’’ morphology [41] exhibited by inorganic–

organic polymer nanocomposites, see Fig. 5a and c. Thus,

this TEM images are typical of nanostructured polymers.

At higher magnification the formation of aggregates of

about 250–200 nm, being for the highest copper containing

material smaller and defined, were observed. The inset

Fig. 4 SEM images of polymer gels at different magnifications a, b polymer gel (2), d, e polymer (3) and g, h polymer gel (4). The respective

EDAX are also shown for c polymer (2), f polymer gel (3) and i polymer (4)
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shown in Fig. 5d displayed the electron diffraction which

indicates amorphous materials. Similar TEM images have

been reported for other Cu (II) salts [42].

Possible electrical conductivity of the polymer gels was

by impedance spectroscopy. Although the polyphosphaz-

enes without metal are insulators [35] the incorporation of

copper (II) ions could give some electrical conductivity to

the polyphosphazenes. However the values around

r = 7 9 10-11 S cm-1 found for the copper containing

gels indicate an insulator behavior. Values in the range

1.6 9 10-10–1.2 9 10-11 S cm-1 have been measured for

the without metal polymer [37] being also in the range of

insulator.

In the gels, some conductivity could be expected owing

to hopping between the metal centers. However both the

structural properties of the polymer conformation (coil as

another polyphosphazenes) not permitting external sphere

electron transfer or the insufficient copper content in the

polymer could be the causes of the insulator behavior of the

gels.

The effects of the copper (II) ions on the structures of the

polyphosphazenes were also investigated by X-ray powder

diffractions. The changes on the X- ray patterns on samples

(2), (3) and (4) were negligible, observing only some minor

changes in intensity see supplementary material, S1.

Unlike to the pyrolysis of organometallic derivatives

[43–46] the pyrolysis of gels (2)–(4) under air and at

800 �C yields almost zero pyrolytic yields, which preclude

a study of the products. This can be due to a weak link of

the copper ion to the oxygen coordinative sites of the

polymer, which decrease the cross-linking of the macro-

molecular chains decreasing the pyrolytic residues [8].

Then it can be concluded that the strong covalent bonds

between the metal and the donor site of the polymer such as

the bond organometallic fragment-polymer is necessary

and crucial, for a high pyrolytic residue thus leading to

nanostructured metal materials [42].

Table 4 EDAX analysis for the gels (2)–(4)

Compound % Cu % C % P

1:1 10

General 10.57 68.91 15.46

1:5

General 2.28 74.41 14.59

Zone a 1.01 80.27 10.18

Zone b 2.51 77.39 13.13

1:10

General 0.35 78.91 12.27

Zone aa 1.57 33.19 65.23

Zone b

a Zone a and b denote sites other than the general, where EDAX was

made

Fig. 5 TEM images of the

polymer a, b gel (2) in two

magnification levels and c, d gel

(4) in two magnification level.

The inset in d shows the

electron diffraction
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4 Conclusions

We have demonstrated that Cu(BF4)2 is incorporated in

various amounts into the polymer [NP(OC6H4C(O)C–

OC6H5)2]n to give gels where the Cu2? ions are surrounded

by environments tetragonal distorted or compressed

depending on the dilution within the polymer. The presence

of the copper ions induces the formation of nanostructured

materials on the initial fiber morphology to porous and

discrete aggregates of about 200 nm. Coordination of

transition metal ions to polyphosphazenes are not useful

precursors for the formation of metallic nanostructured

materials via the under air pyrolysis All the data suggest

that gels (2)–(4) behave like solid diluted solution of Cu2?

ions into polyphosphazenes.

Acknowledgments The authors acknowledge to Claudio Magon

and Otaciro Rengel of the University of São Carlos, Brasil for EPR

experiments.

References

1. D.C. Sherrington, P. Hodge, in Polymer Bound Transition Metal
Complexes Catalysts: Synthesis and Functional Polymers,

Chapter 10 (Wiley, New York, 1988), p. 325

2. I. Manners, Science 294, 1664 (2001)

3. R.D. Archer, Inorganic and Organometallic Polymers (Wiley

VCH, New York, 2001)

4. P. Nguyen, P. Gomez-Elipe, I. Manners, Chem. Rev. 99, 1698

(1999)

5. G.R. Whittel, I. Manners, Adv. Mater 19, 3439 (2007)

6. F. Ciardelli, E. Tsuchida, D. Worle, Macromolecules–Metal
Complexes, 1st edn. (Springer, Berlin, 1996)

7. D. Worle, A.D. Pomogailo, Metal Complexes and Metals in
Macromolecules (Wiley VCH, Weinheim, 2003)

8. H.R. Allcock, Chem. Mater 6, 1476 (1994)

9. S. Cohen, M.C. Baño, K.B. Vissher, M. Chow, H.R. Allcock, J.

Am. Chem. Soc. 112, 7832 (1990)

10. K.B. Vissher, H.R. Allcock, Chem. Mater 6, 2040 (1994)

11. C.S. Reed, K.S. Tenhusen, P.W. Brown, H.R. Allcock, Chem.

Mater. 8, 400 (1996)

12. H.R. Allcock, S. Kwon, Macromolecules 22, 75 (1989)

13. G.A. Carriedo, F.J. Garcia-Alonso, P.A. Gonzalez, Macromol.

Rapid Commun. 18, 371 (1997)

14. H.R. Allcock, Ch.G. Cameron, T.W. Skloss, Sh. Taylor-Meyer,

J.F. Haw, Macromolecules 29, 233 (1996)

15. K. Akegoshi, I. Tanaka, K. Hikishi, S. Higashida, Macromole-

cules 25, 3392 (1992)

16. H. Tanaka, M.A. Gomez, A.E. Tonelli, S.V. Chichester-Hicks,

R.C. Haddon, Macromolecules 22, 1031 (1989)

17. S.G. Young, J.H. Magill, Macromolecules 22, 2551 (1989)

18. H. Tanaka, M.A. Gomez, A.E. Tonelli, S.V. Chichester-Hicks,

R.C. Haddon, Macromolecules 21, 2301 (1988)

19. F.F. Stewart, E.S. Petersen, S.C. Busse, C.J. Orm, Chem. Mater.

9, 155 (1997)

20. G.A. Carriedo, L. Fernadez-Catuxo, F.J. Garcia-Alonso, P. Go-

mez-Elipe, P.A. Gonzalez, Macromolecules 29, 5320 (1996)

21. S. Sakida, N. Kato, Y. Kawamoto, Mater. Res. Bull. 73, 2263

(2002)

22. D. Rusanova, W. Forsling, O.N. Antzutkin, K.J. Pike, R. Dupree,

J. Magn. Reson. 179, 140 (2006)

23. B.J. Hathaway, D.E. Billing, Coord. Chem. Rev. 5, 143 (1970)

24. K. Hanabusa, M. Hashimoto, M. Kimura, T. Koyama, S. Hiro-

fusa, Macromol. Chem. Phys. 197, 1853 (1996)

25. R.W. Hay, M.A. Ali, A.B. Jeragh, J. Chem. Soc. Dalton Trans.

11, 2763 (1988)

26. R.K. Ray, G.B. Kauffman, Inorg. Chim. Acta 174, 257 (1990)

27. C. Canevali, F. Morazzoni, R. Scotti, D. Cauzzi, P. Moggi, G.

Predieri, J. Mater. Chem. 9, 507 (1999)

28. D. Wohrle, A.D. Pomogailo, in Metal Complexes and Metals in
Macromolecules, Chapter 5 (Wiley, Weinheim, 2003)

29. C. Dı́az, P. Castillo, J. Inorg. Organomet. Polym. 11, 183 (2001)

30. C. Dı́az, P. Castillo, G.A. Carriedo, F.J. Garcı́a Alonso, P.
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