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ABSTRACT The synthesis and structure of a new class of poly(metallophosphazenes) is described. The 
polymers have the general formulas [NP(OR)& and [NP(OR),(OCH&F3),],,, where the OR side group is 
($-2-phenoxyethoxy)chromium tricarbonyl and x + y = 2. The single-substituent polymer is the first example 
of a poly(metal1ophosphazene) that has one transition-metal unit on every side group. Nonmetallo polymers 
with the general structures [NP(OR’)&, [NP(OR’)r(OCHpCF~)y]n, and [NP(OCHpCFs)n],,, where the OR’ 
substituent is 2-phenoxyethoxy and x + y = 2, were prepared for comparison with the corresponding me- 
tallophosphazene polymers. Structural characterization for the high polymers was carried out by NMR 
spectroscopy, infrared spectroscopy, gel permeation chromatography, and elemental analysis. Thermal analysis 
of the polymers was investigated by differential scanning calorimetry and thermogravimetric analysis. 

The expanding interest in transition-metal-function- 
alized macromolecules reflects the opportunities that exist 
for the development of advanced electroactive, optical, 
magnetic, or catalytic materials.1*2 

The synthesis of phosphazenes that contain transition 
metals has been an area of growing interest.3 In an earlier 
paper, we described the *-coordination of transition metals 
to pendent aryl ligands linked to cyclic phosphazenes.‘ In 
particular, we reported the synthesis of phosphazene ($- 
arene)Cr(CO), complexes: in which the arene ligand was 
bound either directly to the phosphazene skeleton, via an 
oxygen or nitrogen atom, or through an organic spacer 
group. Specifically, the earlier small-molecule studies 
involved the synthesis and structure of a new class of cy- 
clotriphosphazene transition-metal complexes with the 
general structures N S P ~ X ~ [ R C ~ ( C O ) ~ ]  (11, N3PsRdRCr- 
(CO)3] (21, and N3P3[RCr(CO)3]6 (3), in which the R sub- 
stituents were aryl groups and the X substituents were 
fluoro, chloro, trifluoroethoxy, or n-propylamino groups 
(Figure 1). The substitutive method of synthesis available 
for phosphazenes allowed the facile incorporation of a 
diverse range of aryl side group structures and provided 
access to an interesting series of arene complexes. 

The objective of the work described here was to extend 
the small-molecule synthesis of the cyclotriphosphazene 
(?6-arene)Cr(C0)3 complexes to the macromolecular level. 
Specifically, in this paper we describe the synthesis and 
characterization of a new class of poly(metal1ophospha- 
zenes) that possess (76-2-phenoxyethoxy)chromium tri- 
carbonyl substituent groups. 

Results and Discussion 
Overview of the Synthetic Approach. Two general 

synthetic approaches were explored in the preparation of 
the polyphosphazene (q6-arene)Cr(CO)3 complexes, as 
summarized in Scheme I. In method A, poly(dich1oro- 
phosphazene) was allowed to react with the sodium salt 
of an aryl oxide or aryl alkoxide chromium tricarbonyl 
complex. This approach paralleled closely the classical 
phosphazene synthesis methods.6 Previously, this ap- 
proach had been shown to be successful for the introduction 
of high loadings of Cr(C0)3 units into the corresponding 
small-molecule cyclotriphosphazene systems.‘ 

In method B, an aryl-substituted polyphosphazene was 
allowed to react with Cr(C0)6 in order to synthesize the 
macromolecular (~~-arene)Cr(C0)3 complex. This method 
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Figure 1. Structures of compounds 1-3. 

Scheme I 
Method A 

Method B 

R = atyloxy or atylantaining alkoxy group 

was successful for the introduction of a moderate loading 
of Cr(C0)3 units into the corresponding small-molecule 
cyclic  specie^.^ 

Of the two approaches outlined, method A was found 
to be the most efficient and controlled route for the 
synthesis of soluble poly(metal1ophoephazenes) with high 
loadings of transition-metal units. Therefore, this syn- 
thetic approach is the primary focus of the following 
discussion. 

Attempted Synthesis of Poly(metal1ophospha- 
zenes) with Phenoxychromium Tricarbonyl Substit- 
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Scheme I1 
CI 

CI 

uents. In an earlier paper, small-molecule cyclotriphos- 
phazene complexes of family NsP3[RCr(C0)3]6 (3) were 
prepared in which the R units were phenoxy and 2-phe- 
noxyethoxy  group^.^ An extension of this research to the 
macromolecular level is described here. 

The attempted synthesis of the single-substituent 
polymer [NF((OC&)Cr(C0)3)21, is summarized in Scheme 
11. Poly(dichlorophosphazene), prepared by the thermal 
ring-opening polymerization of the cyclic trimer (NPC12)3,' 
was allowed to react with sodium #-phenoxide chromium 
tricarbonyl in tetrahydrofuran. The progress of the 
substitution reaction was monitored by 31P NMR spec- 
troscopy. A loading of ca. 70% was achieved before ge- 
lation of the reaction mixture or precipitation of the 
polymer occurred. Extended warming did not bring about 
dissolution. Because of the high concentration of unre- 
acted P-Cl bonds in the polymers, attempted purification 
led to hydrolysis and subsequent decomposition. The large 
steric size of the $-coordinated Cr(C0)3 unit on the phe- 
noxy substituent and its proximity to the backbone appear 
to inhibit complete halogen replacements6 

The synthesis of mixed-substituent poly(metal1ophos- 
phazenes) with phenoxy chromium tricarbonyl side groups, 
and with trifluoroethoxy and phenoxy groups as cosub- 
stituents, was then investigated. The syntheses were 
attempted by two sequences of nucleophile additions: (1) 
an initial addition of the arene nucleophile to poly(dich1o- 
rophosphazene), followed by reaction with an excess of 
the cosubstituent nucleophile, and (2) an initial addition 
of the cosubstituent nucleophile to poly(dich1orophos- 
phazene), followed by reaction with an excess of the arene 
nucleophile. Pathways 1 and 2 are summarized in Scheme 
111. 

In pathway 1, the reaction of the cosubstituent nucleo- 
phile with the partially substituted metallophosphazene 
resulted in a competition between replacement of the 
remaining P-C1 bonds and displacement of the arene units 
from the phosphazene backbone. This result is not 
surprising in view of the strong electron-withdrawing 
characteristics of the Cr(C0)3 unit. (Similar displacement 
reactions have been detected for 4-nitrophenoxy side 
groupsJ6 

In pathway 2, the large steric size and low nucleophilic- 
ity of the phenoxy chromium tricarbonyl group severely 
limited attempts to replace all the chlorine atoms. As 
described previously for the single-substituent polymer, 
attempted purification led to hydrolysis and subsequent 
decomposition. 

These results with phenoxy chromium tricarbonyl nu- 
cleophiles suggested that a spacer linkage was required in 
order to assist the substitution reaction. Thus, the use of 
(~6-2-phenoxyethanol)chromium tricarbonyl as a substit- 
uent group was investigated. As shown in the following 
sections, introduction of an ethoxy spacer group reduced 
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the restrictions associated with the large steric size and 
low nucleophilicity of the phenolic reagent. 

Synthesis of Poly(metal1ophosphazenes) with (2- 
Phenoxyethoxy)chromium Tricarbonyl Substitu- 
ents. The synthesis of single- and mixed-substituent 
poly(metal1ophosphazenes) with (qs-2-phenoxyethoxy)- 
chromium tricarbonyl side groups was explored. The 
preparation of the single-substituent polymer [NP((OCH2- 
CH20C6H&r(CO)&.], (4) is summarized in Scheme IV. 
In the synthesis of 4, poly(dich1orophosphazene) was 
allowed to react with an excess of (sodium q6-2-phenox- 
yeth0xide)chromium tricarbonyl, prepared by the reaction 
of the corresponding alcohol with sodium hydride. Com- 
plete replacement of the halogen atoms occurred to yield 
the fully substituted polymer even under mild reaction 
conditions (see Experimental Section). The polymer was 
isolated by precipitation from the concentrated reaction 
solution in tetrahydrofuran into diethyl ether and was 
purified by repeated precipitations into diethyl ether and 
water. As will be described in the following character- 
ization section, no loss of the Cr(CO)3 unit from the 2-phe- 
noxyethoxy substituent was detected. Thus, polymer 4 
represents the first example of a poly(metal1ophospha- 
zene) that has a11 side-chain groups coordinated to a 
transition metal. 

In order to study the effect of variations in the loading 
of Cr(C0)3 units on the properties of the polymer, a series 
of mixed-substituent polyphosphazenes was prepared by 
using trifluoroethoxy groups as the cosubstituent. The 
synthesis of the mixed-substituent polymers 5-7 is outlined 
in Scheme V. The cosubstituents were present in the 
approximate ratios of one to three (5), one to one (6), and 
three to one (7). The trifluoroethoxy group was selected 
as a representative cosubstituent because of ita unhin- 
dered steric size and hydrophobic character. 

The synthesis of polymers 5-7 was carried out by the 
reaction of poly(dich1orophosphazene) with a stoichio- 
metric deficiency of (sodium q6-2-phenoxyethoxide)chro- 
mium tricarbonyl, followed by reaction with excess sodium 
trifluoroethoxide (see Scheme V). The sodium trifluo- 
roethoxide was used to replace any remaining P-Cl bonds 
in order to obtain a halogen-free, hydrolytically stable 
derivative. No displacement of the Cr(C0)3 unit from the 
arene ring by the trifluoroethoxide nucleophile was 
d e t e ~ t e d . ~  

The preparation of polymers 5-7 was also accomplished 
by the reverse sequence of addition of the two nucleo- 
philes. For example, poly(dichlorophosphazene) was first 
allowed to react with a deficiency of sodium trifluoroeth- 
oxide, followed by treatment with excess (sodium @-2- 
phenoxyethoxide)chromium tricarbonyl. The availability 
of both sequences of nucleophile addition allowed the ratio 
of the transition-metal-containing side group to be varied 
over a wide range, with the final ratio being controlled by 
the degree of substitution of the first nucleophile. 

Single- and mixed-substituent non-metal-containing 
polyphosphazenes were synthesized for comparison with 
the corresponding poly(metal1ophosphazenes). Species 
[NP(OCH~CH~OC~HS)~I ,  (8), [NWOCH~CH~OC~HS),- 
(OCH2CF3),In (g-ll), and [NP(OCH2CF3)21n (12), shown 
in Figure 2, were prepared by use of the procedures 
described previou~ly.~J Note that polymers 9-1 1 possess 
cosubstituents in the approximate ratios of one to three 
(9), one to one (lo), and three to one (11). 

General Properties. Chromium-containing polymers 
4-7 are yellow compounds, while polymers 8-12 are white 
materials. The solubilities of polymers 4-7 were more 
limited than those of polymers 8-12. Polymers 4-7 were 
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Scheme I11 
Pathway 1 
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Displacement of the arene side group by the NaOR nucleophile. 
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soluble initially in tetrahydrofuran and acetone. However, 
if the polymers were completely dried or were stored in 
the solid state for several days, their solubility decreased 
and they swelled without dissolving on attempted disso- 
lution. For this reason, the polymers were always stored 
in tetrahydrofuran solution. This behavior may be a result 
of the enhanced opportunities for side group stacking in 
the solid state, which could generate microcrystalline 
domains and reduce the solubility. Similar characteristics 
were found in earlier work for polyphosphazenes that 
possessed nonlinear optical and liquid crystalline moieties? 
Polymers 8-12 showed a normal solubility behavior in 
solvents such as tetrahydrofuran and acetone. 

In the solid state, the arene polymers 4-7 were air- and 
moisture-stable. However, after several days storage in 
solution in contact with air or moisture, theyellow polymer 
solutions became green. This was presumably due to 
oxidation of the chromium from Cr(0) to a paramagnetic 
CrUII) species.s Similar decomposition characteristics 
were detected previously for the corresponding cyclic 
 specie^.^ 

Characterization of Polyphoophazenes. Structural 
characterization of polymers 4-12 was achieved by NMR 

Scheme V 
?I 

tN={+, CI 

5-7 

5 x = 1.5, y = 0.5 

6 ~ = 1 . 0 ,  y=1.0 

7 x = 0.7, y = 1.3 

spectroscopy, infrared spectroscopy, gel permeation chro- 
matography, and elemental analysis. Thermal analysis 
was investigated by differential scanning calorimetry and 
thermogravimetric analysis. The characterization data 
are summarized in Tables I and 11. 

(a) Spectroscopic Analysis. The 31P NMR spectra 
of polymers 4-12 consisted of a sharp, singlet resonance 
at ca. -8 ppm (see Table I). In the mixed-side-group 
systems, the singlet resonance is a consequence of the 
similar environment at the ethoxy- and trifluoroethoxy- 
linked phosphorus atoms. The 3lP NMR spectrum of the 
single-substituent poly(metallophosphazene) 4 was a sharp, 
singlet resonance at -8.8 ppm. The singlet was indicative 
of a high degree of chlorine replacement, and this was 
supported by the elemental microanalysis data. 

The lH NMR spectra of polymers 4-7 confirmed the 
q6-coordination of the Cr(C0)3 unit to the 2-phenoxyethoxy 
s~bs t i tuent .~  The aromatic protons on the complexed sub- 
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N=P ( OCHzCHzOQ) (OCH2CF3) yk 
9-1 1 

9 x = 1.4, y = c.2 

10 X = l . O ,  y = 1 . 0  

11 ~ = 0 . 4 ,  y=1.6  

$ N = r 2 c F 3  1 " 
OCHZCF, 

1 2  
Figure 2. Structures of polymers 8-12. 

stituent in 4-7 resonated in the region from 6.0 to 5.0 
ppm, which is a t  a significantly higher field than the 
resonance for the corresponding uncomplexed side group 
in polymers 8-1 1 (7.3-6.5 ppm) (see Table I). In addition, 
lH NMR analysis, together with elemental microanalysis, 
was important for estimation of the composition ratios for 
the mixed-substituent polymers. The ratios were esti- 
mated by a comparison of the integration of the aromatic 
resonances with the trifluoroethoxy resonance at  4.5 ppm. 

The l3C NMR spectrum of polymer 4 provided addi- 
tional evidence for the presence of one transition-metal 
unit on every side group structure. This is illustrated 
clearly in Figure 3, by a comparison of the aromatic region 
of the 13C NMR spectra of species [NP((OCHZCHZOC~H& 
Cr(C0)3)~], (4) and [NP(OCHZCHZOC~H~)~], (8). The 
characteristic upfield shift of ca. 16-35 ppm in the 
resonances of the complexed phenoxy carbon atoms of 4 
(144-80 ppm) can be compared with the resonances from 
the uncomplexed phenoxy carbon atoms of 8 (160-115 

In the 13C NMR spectrum of polymer 4, the CO ligands 
were detected as a singlet resonance at  232 ppm. The 
singlet arises from the equivalence of the three CO ligands. 
The ethoxy units in polymers 4 and 8 were detected as two 
singlet resonances in the region 68-65 ppm. 

The IR spectra of polymers 4-7 in solution showed two 
intense C-O stretching absorptions, one in the region 1970- 
1965 cm-l and the other a t  1888-1887 cm-l. The specific 
uco absorption values for 4-7 are listed in Table 11. The 
presence of these two bands is a characteristic feature of 
(q6-arene)Cr(C0)3 complexes6. In our previous study of 
cyclotriphosphazene ($arene)Cr(C0)3 complexes, the 
frequency of the stretching absorption was correlated with 
the electron density on the arene ligand, which in turn 
was determined by the electronic properties of the phos- 
phazene cosubstituents and the arene para substituents.4 

The uco absorption values for 4-7 (ca. 1967,1887 cm-1) 
can be compared directly to the value for the starting 
reagent, q6-2-phenoxyethanol chromium tricarbonyl(l968, 
1887 cm-l). The similarity in the uco absorption values 

P P ~ ) . ~  
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confirms the ability of the ethoxy group to decouple the 
electronic characteristics of the phosphazene backbone 
from the arene. 

The molecular weights of polymers 4-12 were estimated 
by gel permeation chromatography to be in the range M,, 
1.2 X 106-1.4 X 106, M ,  > 1.5 X lo6, with M,/M, values 
in the region 2-15 (see Table 11). The broad, bimodal 
molecular weight distribution is typical of polyphospha- 
zenes. 
(b) Thermal Analysis. The glass transition temper- 

atures ( Tg)  were determined by differential scanning cal- 
orimetry and are listed in Table 11. The Tg of [NP((OCHr 
CHZOC~H~)C~(CO)~)~] ,  (4) is43 "C. TheDSC thermogram 
is shown in Figure 4. Since the Tg of [NP(OCH2CH2- 
OC~HS)~],  (8) is -8 "C, the $-coordination of the Cr(C0)3 
unit to the 2-phenoxyethoxy side groups increases the Tg 
by ca. 50 "C. 

A comparison of the T i s  of the metallo (5-7) and non- 
metallo (9-1 1) mixed-substituent polymers confirms the 
trend that $-coordination of the Cr(C0)3 unit increases 
the Tg significantly. For example, the Tis  of polymers 5, 
6, and 7 were 31,8, and 0 "C, respectively, while the Tg's 
of the corresponding polymers 9,10, and 11 were -18, -24, 
and -45 "C, respectively. The Tg of the single-substitu- 
entpolymer [NP(OCH2CF3)21n (12) is-66 oC.6 The higher 
Tg values for the metallophosphazenes are presumably a 
consequence of restricted skeletal torsion due to the steric 
bulk of the Cr(C0)3 group a t  the 2-phenoxyethoxy sub- 
stituent.* 

The thermal behavior of polymers 4-12 was examined 
by thermogravimetric analysis. The objective of these 
experiments was to gain insight into the overall influence 
of the Cr(C0)3 unit on the thermal stabilities of the 
polymers, as well as to identify any potential metal- 
containing ultrastructure systems. The emphasis in these 
experiments was on the pattern of loss of volatile ther- 
molysis products and on the percentage of nonvolatile ul- 
trastructure material remaining at  a specific temperature. 
A comparison of the results obtained from the metallo- 
(4-7) and nonmetallo-substituted (8-12) macromolecules 
was particularly interesting. 

The thermal behavior of [NP((OCHZCH~OC~H~)C~-  
(C0)3)pln (4) was significantly different from that of [NP- 
(OCH~CH~OC~HS)~] ,  (8), as illustrated in the thermo- 
gravimetric analysis curve in Figure 5. Although both 
systems underwent cross-linking reactions during ther- 
molysis, the percentage of nonvolatile residue at  800 "C 
washigherfor4 (43%) thanfor8 (20%). Thehigherweight 
retention may be associated with the incorporation of 
chromium-containing species. In addition, the thermal 
behavior of polymers 4 and 8 differed in the onset tem- 
perature for volatilization. Polymer 4 underwent a gradual 
weight decline in the temperature range 200-400 "C, while 
polymer 8 underwent a dramatic decline a t  ca. 350 "C. 

A control experiment was carried out with (HOCH2- 
CHzOC6H5)Cr(CO)3, in an attempt to understand the 
effect of the Cr(C0)3 unit on the thermal properties of the 
polymers. The thermogravimetric analysis curve is shown 
in Figure 6. Surprisingly, thermolysis of the phosphazene- 
free system yielded a nonvolatile ultrastructure of 32% 
weight retention at 800 "C. The calculated weight percent 
of chromium in the small molecule is 19%. The thermal 
events had an onset temperature of ca. 180 "C and 
continued to a temperature of ca. 400 "C. 

The thermolysis behavior for ($3-2-phenoxyethano1)- 
chromium tricarbonyl was explored further by solid-state 
l3C NMR spectroscopy. Solid-state 13C NMR spectra were 
obtained before and after pyrolysis to 500 "C. The 
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Table I 
Polyphosphazene Characterization Data. Part 1 

3lP NMR, elem anal. 
compd' RRmb 'H NMR, ppmb calcd found 

4 -8.8 (a)' 

5 -8.6 (8) 

6 -8.5 (8) 

7 -8.5 (8) 

8 -7.7 (8) 

9 -8.2 (a) 

10 -8.1 (8) 

11 -8.1 (s) 

12 -7.9 (8) 

5.9-5.0 (m, Ar H, 5 H), 4.5-4.0 (m, OCH2, 

5.9-5.1 (m, Ar H), 4.5 (br 8, OCH&F3), 

6.0-5.2 (m, Ar H), 4.5 (br s, OCH~CFS), 

6.0-5.1 (m, Ar H), 4.5 (br s, OCHZCF~), 

7.1-6.5 (m, Ar H, 5 H), 4.4-4.2 (d, OCHz, 

7.2-6.6 (m, Ar H), 4.5 (br s, OCH&F3), 
4.4-3.9 (m, OCH2) 

7.2-6.6 (m, Ar H), 4.5 (br s, OCH&F3), 
4.4-3.8 (m, OCH2) 

7.3-6.7 (m, Ar H), 4.5 (br s, OCH~CFS), 
4.4-3.9 (m, OCH2) 

4.5 (br s, OCH2CF3) 

4 H)' 

4.4-3.9 (m, OCH2) 

4.5-3.9 (m, OCH2) 

4.4-3.0 (m, OCH2) 

2 H), 3.9-3.7 (d, OCH2, 2 H )  

C, 44.68; H, 3.07; N, 2.37; C1, 0.00 

C, 41.68; H, 2.90; N, 2.78; C1, 0.00 

C, 37.42; H, 2.66; N, 3.36; C1, 0.00 

C, 33.90; H, 2.46; N, 3.84; C1, 0.00 

C, 60.18; H, 5.68; N, 4.39; C1, 0.00 

C, 50.24; H, 4.69; N, 4.73; C1, 0.00 

C, 42.71; H, 3.94; N, 4.98; CI, 0.00 

C, 29.76; H, 2.65; N, 5.42; C1, 0.00 

C, 19.77; H, 1.66; N, 5.76; C1, 0.00 

0 See Schemes IV and V and Figure 2 for structures. b In acetone-&. In THF-ds. 

Table 11 
Polyphoephazene Characterization Data. Part 2 

compda 
4 
5 
6 
7 
8 
9 

10 
11 
12 

TS, OC 
43 
31 
8 
0 
-8 
-18 
-24 
-45 
-66, T(1) = 65 

molecular weight (GPC) 

1965,1887' 5.7X106 >2X108 5 
1968,1887 1.8X106 > 2 X l @  14 
1970,1888 6.9X 106 >2X 108 4 
1969, 1887 1.4X 10s >2X108 3 

5.9 x 106 >2 x 108 4 
1.1x108 > 2 X l @  2 
1.2 X 106 1.6 X 108 13 
1.4X1@ >2X108 3 
4.2 X 106 1.5 X lo6 6 

IR, vco, 
cm-1 b Mu Mw Mw/Mu 

See Schemes IV and V and Figure 2 for structures. * In CHzCl2 
solution. In THF solution. 

1 1  

160 140 120 100 80 

PPM 

Figure 3. Aromatic region of the 13C (90.0 MHz) NMR spectra 
of [NP((OCHZCH~OC&&C~(CO)&]~ (4) and [NP(OCH2CH2- 
OCeH&]n (8) in THF-de. 

spectrum obtained before pyrolysis was consistent with 
the resonances described previously for the solution 13C 
NMR spectrum.ll The spectrum of the black, porous 
material obtained after pyrolysis to 500 "C indicated the 
presence of a paramagnetic species, presumably Cr(II1). 
Because of the paramagnetic nature of the sample, no 
additional NMR information on the nonvolatile residue 
could be obtained. 

The thermal profiles were not changed significantly 
when the single-substituent polymers 4 and 8 were replaced 
by the mixed-substituent trifluoroethoxy polymers 5-7 
and 9-11, The percentage of nonvolatile residue at 800 
"C was in the range from 38 to 43% for 5-7 (compared to 

C, 44.20; H, 3.42; N, 2.42; C1, 0.14 

C, 41.10; H, 3.65; N, 2.64; C1, 0.23 

C, 36.51; H, 3.21; N, 3.08; C1, 0.08 

C, 34.46; H, 3.47; N, 3.48; C1, 0.14 

C, 60.00, H, 5.63; N, 4.01; C1, 0.01 

C, 48.72; H, 4.16; N, 4.84; C1, 0.06 

C, 43.15; H, 3.84; N, 4.99 C1, 0.25 

C, 30.24; H, 2.75; N, 5.60; C1, 0.10 

C, 19.80, H, 1.46; N, 5.53; C1, 0.06 

2 . 0  2 . 5  1 

0.0 0 '5  ~ 30 35 40 45 50 55 KO 

Temperature ( O C )  

Figure 4. Differential scanning calorimetry thermogram of [ NP- 
((OCH2CH20CsH6)Cr(CO)3)21, (4). (Heatingrate = 15 OC/min.) 

110 

100 

BO 

BO 

70 

KO 
i .= 50 ' 40 

30 

20 

1 

':I, , , , , , , 1 
.10 

100 200 300 4W 500 600 7W 800 

Temperature ("C) 

Figure 5. Thermogravimetric analysis curves for [NP( (OCH2- 
CHnOCsHa)Cr(CO)a)zln (4) (- - -1 and W"OCH&H~OC~H~ZI~ 
(8) (-) under a nitrogen atmosphere. (Heating rate = 10 "C/ 
min). 

43% for 4) and from 13 to 18% for 9-11 (compared to 
20% for 8). These thermogravimetric analyses for the 
mixed-substituent systems are interesting in comparison 
to the analysis for the single-substituent polymer [NP- 
(OCHZCF~)~],, (12). As shown in earlier studies, complete 
depolymerization to cyclic oligomers and volatilization of 
the material occurs by 450 "C, with no evidence for cross- 
linking reactions during thermolysis.12 Thus, the present 
results suggest that the 2-phenoxyethoxy substituent plays 
a major role in stabilizing the mixed-substituent polymers 
against complete depolymerization. 
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poly[bis(trifluoroethoxy)phosphazene] (12) were prepared by 
procedures reported in the literature?.' Column chromatogra- 
phy was carried out under an atmosphere of argon with the use 
of dry n-hexane/THF as elution solvents and with the use of 
silica gel (60-200 mesh, Fisher) as packing material. Solventa 
were dried and distilled under nitrogen by standard methods. 
All reactions and manipulations were carried out under an 
atmosphere of dry argon or nitrogen by using standard Schlenk 
and drybox techniques. 

Equipment. 3lP (36.23 MHz) NMR spectra were recorded 
with use of a JEOL FXSoQ NMR spectrometer. lH (360.0 MHz) 
and 13C (90.0 MHz) NMR spectra were recorded with use of a 
Bruker WM360 spectrometer. Solid-state 13C (74.78 MHz) NMR 
spectra were recorded with use of a Chemagnetics CMX-3OONMR 
spectrometer, which used a broad-band CPMAS pencil probe. 
Chemical shifts are relative to external 85 5% HsPO4 (slP) or tet- 
ramethylsilane (1H and l3C). All heteronuclear NMR spectra 
were proton decoupled. Infrared spectra were recorded with the 
use of a Perkin-Elmer Model 1710 FTIR instrument interfaced 
with a Perkin-Elmer 3600 data station. Electron-impact mass 
spectra were obtained with the use of a Kratos MS9/50 
spectrometer. Molecular weights were determined by using a 
Hewlett-Packard HP1090 gel permeation chromatograph 
equipped with an HP-1037A refractive index detector and a 
Polymer Laboratories PL gel 10-pm column. The samples were 
eluted with a 0.1 % by weight solution of tetra-n-butylammo- 
nium bromide in THF. The GPC column was calibrated with 
polystyrene standards (Waters) and with fractionated samples 
of poly[bis(trifluoroethoxy)phosphazene] provided by Drs. R. 
Singler and G. Hagnauer of the U.S. Army Materials Technology 
Laboratories, Watertown, MA. Thermal analyses were carried 
out by using a Perkin-Elmer-7 thermal analysis system equipped 
with a Perkin-Elmer 7500 computer. For the determination of 
glass transition temperatures by differential scanning calorim- 
etry, heating rates of 10-25 OC/min under a nitrogen atmosphere 
were used, and sample sizes were between 10 and 30 mg. For 
thermogravimetric analyses, heating rates of 10 "C/min under 
a nitrogen atmosphere were used, and sample sizes were between 
2 and 6 mg. Elemental microanalyses were obtained by Gal- 
braith Laboratories, Knoxville, TN. 

Synthesis of (q6-HOC,&)Cr(C0)3. (Pheno1)chromium tri- 
carbonyl was prepared by following a modified literature pro- 
cedure.13 A solution of phenol (6.0 g, 0.064 mol) and Cr(C0)e 
(15.5 g, 0.071 mol, 10% excess) in di-n-butyl ether/THF (250 
mL) was stirred and heated a t  reflux for 48-72 h. The solvent 
was removed in vacuo and the residue was transferred to a water- 
cooled sublimator, which was evacuated to mmHg. After 
the mixture was warmed a t  30 OC for 2 h, phenol and Cr(CO)a 
were collected on the cold finger and removed. Additional 
warming at 45 OC for 16 h allowed the isolation of the product 
as yellow crystals. Yield 35-70%; MS, m / z  calcd 230, m / r  found 
230; lH NMR (CDCl3) 5.8-4.6 (m, Ar H) ppm; 13C NMR (CDCh) 
233.3 (CO), 139.3, 95.4, 85.2, 79.6 ppm; IR (CHZC12) vco 1969, 
1887 cm-l. Anal. Calcd for C~H604Cr: C, 46.97; H, 2.63. Found: 
C, 47.06; H, 2.79. 

Synthesis of (qs-HOCHzCH~OC6Hs)Cr(C0)3. A solution 
of C6H&CHzCHzOH (20.0 g, 0.145 mol) and Cr(CO)6 (35 g, 0.159 
mol, 10% excess) in di-n-butyl ether/THF (300 mL) was stirred 
and heated at reflux for 48-72 h. The solvent and excess Cr- 
(CO)e were removed in vacuo, and the excess C~HSOCH~CH~OH 
was removed by vacuum distillation (ca. 70 OC at 10" mmHg). 
The residue was dissolved in THF (50 mL) and purified by column 
chromatography. The solvent was removed in vacuo, and the 
product was further purified by recrystallization from n-hexane/ 
methylene chloride to yield (HOCHZCHZOC&)C~(CO)~ as yellow 
crystals. Yield 4680%;  MS, mlz calcd 214, m/z found 274; 1H 
NMR (CDC13) 5.6-5.4 (m, 2 H, Ar H), 5.2-5.0 (m, 2 H, Ar H), 
4.9-4.7 (m, 1 H, Ar H), 4.1-3.8 (m, 4 H, OCHz) ppm; 13C NMR 
(CDC13) 233.1 (CO), 142.1, 95.0, 85.5, 78.6, 70.0, 60.9 ppm; IR 
(CHzClZ) vco 1968,1887 cm-l. Anal. Calcd for C11HloOsCr: C, 
48.18; H, 3.68. Found: C, 41.96; H, 3.77. 

Synthesis of [NP((OCHZCHZOC~HS)C~(C~)~)Z]" (4). To 
a solution of poly(dich1orophosphazene) (0.25 g, 2.16 mmol) in 
THF (70 mL) was added slowly a solution of (sodium 2-phe- 
noxyethoxide)chromium tricarbonyl, which was prepared from 
the reaction of (2-phenoxyethano1)chromium tricarbonyl (2.13 

Attempted Synthesis of P o l y p h o s p h a z e n e s  via 
Method B. As mentioned previously, t he  interaction of 
aryl-substituted polyphosphazenes with Cr(C0)s  was 
explored as an alternative route  t o  poly(metal1ophos- 
phazenes). These reactions are summarized as method B 
in Scheme I. The potential advantage of this  approach 
is i ts  synthetic simplicity. Specifically, [NP(OCH&H2- 
OC6H5)dn (8) and [NP(OCH~CH~~C~H~)~.O(OCH~CF~)~.OI~ 
(10) were allowed to react with Cr(C0)s  in solvents such 
as tetrahydrofuran, ethylene glycol dimethyl ether, a n d  
dioxane. The reactions were allowed to proceed at reflux 
temperatures for different periods of time (12-60 h). 
Attempts to isolate the polymeric products by concen- 
t ra t ion of t he  reaction mixture often resulted in gelation 
of t he  solution. Precipitation of t h e  gel into nonpolar 
solvents (Le., n-hexane and n-pentane) yielded green, elas- 
tomeric materials, which were subsequently insoluble. 

31P NMR spectra of the  reaction mixtures, before 
attempted isolation of t h e  polymer, contained very broad 
resonances (line width ca. 4 ppm). $-Coordination of t he  
Cr(C0)3 uni t  to the  arene ring should not  affect t he  3lP 
NMR resonance of t h e  polymer, since the aryl substitu- 
en ts  were insulated from the polymer backbone by the  
ethoxy spacer groups (see NMR characterization discus- 
sion). Thus ,  these NMR characteristics suggest t h a t  
coordination of a chromium species occurs t o  the  poly- 
phosphazene backbone together with production of para- 
magnetic Cr(II1) species. Thus, at i ts  present level of 
synthesis development, method A has marked advantages 
over method B. 

S u m m a r y  

The synthesis and characterization of a new class of 
phosphazene macromolecules with (s6-arene)Cr(CO)3 
groups as the  side-group structure have been described. 
T h e  single-substituent polymer [ N P (  (OCHzCH2OC6Hs)- 
Cr(C0)3)2In is t he  first example of a 100% loading of side- 
group transition metals on any  polyphosphazene. Al- 
though this methodology was developed for t he  ( ~ ~ - 2 -  
phenoxyethoxy)chromium tricarbonyl subst i tuent  group, 
t he  synthetic strategy should be applicable t o  a wide variety 
of aryl alcohols. 

E x p e r i m e n t a l  Section 
Materials. Hexachlorocyclotriphosphazene (provided by 

Ethyl Corp.), phenol (Aldrich), and chromium hexacarbonyl 
(Strem) were purified by vacuum sublimation before use. 2-Phe- 
noxyethanol (Aldrich) and 2,2,2-trifluoroethanol (Halocarbon) 
were distilled from calcium hydride. All other reagents (Al- 
drich) were used as received. Poly(dich1orophosphaene) and 
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g, 7.77 mmol) and NaH (0.34 g, 8.54 mmol) in THF (80 mL) a t  
room temperature for 6 h. The reaction mixture was warmed a t  
45-50 OC for 24 h. The reaction mixture was concentrated in 
vacuo, and the polymer waa isolated by precipitation into di- 
ethyl ether and was purified by successive precipitations from 
THFintodiethylether (twotimes),water (twotimes),and n-pen- 
tane (one time). Characterization data for 4 are listed in Tables 
I and 11. 

Synthesis  of [NP( (OCH2CH20CsH~)Cr(CO)s),(OCH2- 
CF&],, (5-7). Polymer composition ratios are shown in Scheme 
V. Polymers 6-7 were prepared in the same manner. The 
following procedure for the preparation of 6 is typical. To a 
solution of poly(dichlorophosphaene) (0.40 g, 3.45 mmol) in THF 
(75 mL) was added slowly a solution of (sodium 2-phenoxyethox- 
ide)chromium tricarbonyl, which was prepared from the reaction 
of (2-phenoxyethano1)chromium tricarbonyl(O.95 g, 3.45 mmol) 
and NaH (0.15 g, 3.80 mmol) in THF (60 mL) at room temper- 
ature for 6 h. The reaction mixture was warmed at 45-50 OC for 
24 h. A solution of sodium trifluoroethoxide was prepared from 
trifluoroethanol (0.61 mL, 8.35 mmol) and NaH (0.30 g, 7.59 
mmol) in THF (50 mL). The sodium salt was added to the 
polymer reaction mixture, and the solution was warmed at 35-40 
"C for 24 h. The reaction mixture was concentrated in vacuo, 
and the polymer was isolated by precipitation into diethyl ether 
and was purified by successive precipitations from THF into 
diethyl ether (two times), water (two times), and n-pentane (one 
time). Characterization data for 5-7 are listed in Tables I and 
11. 

Synthesis of [NP(OCH&H20C6H&],, (8). Polymer 8 was 
prepared from 2-phenoxyethanol by following the same procedure 
described for polymer 4. Polymer 8 was isolated by precipitation 
into methanol and was purified by successive precipitations from 
THF into methanol (two times), water (two times) and n-hexane 
(one time). Characterization data for 8 are listed in Tables I and 
11. 

Synthesis of [NP( OCH~CH~OC~HS),(OCH&F~),~. (9-1 1 ). 
Polymer composition ratios are shown in Figure 2. Polymers 
9-1 1 were prepared from 2-phenoxyethanol by following the same 
procedure described for polymer 6. Polymers 9-11 were isolated 
by precipitation into water and were purified by successive 
precipitations from THF into water/methanol(3: 1) (three times) 
and n-hexane (one time). Characterization data for 9-11 are 
listed in Tables I and 11. 
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