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Diazo Coupling Reactions with Poly(organophosphazenes) 
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ABSTRACT: Polymer-bound dyes have been prepared by the diazotization of high-polymeric [ NP- 
(OC6H5),(OC6H4NH2-p)y],, followed by coupling to phenol, &naphthol, 6'-Na03S-&naphthol, and (p- 
aminopheny1)naphthalene. These reactions were preceded by model compound studies with the cyclic trimer 
[NP(OC&NH2-p),],, In both cases, the aminophenoxy units were generated by reduction of 4-nitrophenoxy 
groups with Pt02 and hydrogen. The phosphazene skeleton was unaffected by the reduction, diazotization, 
and diazo coupling processes. The physical characteristics of the trimers and high polymers are described. 

Polymer-bound dye systems are of interest in photo- 
chemical research, in photographic processes, and in a 
number of biologically related  application^.'-^ As part of 
our general interest in the reactions of cyclic and high- 
polymeric phosphazenes,4+ we have examined the possi- 
bility that diazo-linked polyphosphazenes can be prepared 
by side-group construction reactions carried out on a 
preformed poly(organophosphazene). 

Polyphosphazenes are appealing carrier molecules for 
chromophores because of their general transparency, the 
photochemical stability of the backbone,' the possibility 
of electronic interactions between the backbone and the 
chromophore, and the ease with which different side 
groups can be incorporated into the macromolecule by 
substitutive  technique^.^*^^-'^ Previous attempts to link 
preformed chromophores to a phosphazene chain" suffered 
from steric hindrance and ligand displacement problems 
which, together, allowed the introduction of relatively few 
chromophoric units per chain. 

In the present approach, we have used polyphosphazenes 
that contain both phenoxy and 4-nitrophenoxy side groups, 
with the latter being used as sites for chromophore con- 
struction. Because of the usual problems involved in the 
molecular characterization of new high polymers, the 
high-polymeric reactions were preceded by a series of 
model compound studies with small-molecule cyclo- 
triphosphazenes in order first to optimize the synthetic and 
characterization procedures.6 

Results and Discussion 
Model Compound Studies. The overall reaction se- 

quence for the model compound studies is outlined in 
Scheme I. Thus, hexachlorocyclotriphosphazene (1) re- 
acted with sodium 4-nitrophenoxide to yield hexakis(4- 
nitrophenoxy)cyclotriphosphazene (2), which could be 
reduced catalytically to hexakis(4-aminophenoxy)cyclo- 
triphosphazene (3). No evidence of catalyst poisoning by 
the phosphazene was found, and this was important for 
the later polymer synthesis. Compound 3 was converted 
to the diazonium salt 4 under standard reaction conditions 

Scheme I 
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and without any evidence of phosphazene skeletal cleavage. 
Subsequent coupling of the diazonium salt to four repre- 
sentative aromatic units yielded 5-9. 

These model compounds were characterized by a variety 
of techniques. First, the strong characteristic colors of 5-9 
were indicative of azo compound formation. Ultraviolet- 
visible absorptions were detected at the following wave- 
lengths: 6,348 nm; 7,330 and 370 nm; and 8,325 and 342 
nm. Species 9 can exist in either a protonated (cyanine 
type) or unprotonated form which yields either a purple 
color (Arnm 574 nm) in acidic solution or an orange color 
(Arnm 347 nm) in basic media. Elemental analysis, 31P 
NMR, 'H NMR, melting point, and mass spectrometric 
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Table I 

NMR," analysis 
compound % C  % H  % N  % P  PPm mp, "C M W b  

2 calcd 44.85 2.49 13.08 9.68 6.9 264 (lit.I5 mp 263-264) 963 
found 44.96 2.51 12.93 9.80 963 

3 calcd 55.17 4.63 16.11 11.80 11.26 189 ( M I 6  mp 189-190) 783 
found 54.97 4.58 15.88 12.08 783 

6 calcd 61.14 3.82 14.86 10.20 170 (dec) 1413 
found 61.13 3.85 14.65 1413 

7 calcd 67.25 3.88 12.25 10.72 140 (dec) 1713 
found 67.25 3.96 12.45 C 

8 calcd 49.54 2.58 9.00 10.70 305 (dec) 2325 
found 51.45 2.91 9.16 C 

9 calcd 73.23 4.43 13.60 10.70 160 2163 
found 72.34 4.77 14.12 C 

The IH NMR spectrum of 3 showed NH, protons at 3.5 ppm and aromatic protons centered at  6.8 ppm in a ratio of 1:2. 
b Mass spectral parent ion. The mass of the parent ion was too high to be detected. 

Scheme I1 
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data are listed in Table I. All these data are comDatible auence is shown in Scheme 11. 
with structures 5-9, and this suggested that analogous 
polymeric reactions might be feasible. 

Synthesis of the  Polymers. In view of the steric 
hindrance inherent in side groups such as those in 6-9 and 
the insolubility of the high-polymeric analogue of 2, the 
diazo construction sequence was carried out not on the 
open-chain polymeric analogue of 2 but on a mixed-sub- 
stituent polymer containing approximately 67 7% phenoxy 
and 33% 4-nitrophenoxy side groups. The reaction se- 

Hexachlorocyclotriphosphazene (1) was polymerized 
thermally to poly(dichlorophosphaene) (10). The phenoxy 
substituent groups were introduced first to form 11 because 
of the known ease with which nitrophenoxy groups can be 
displaced by a second nucleophile.12 Subsequent treatment 
of 11 with an excess of sodium 4-nitrophenoxide yielded 
12. Catalytic reduction of 12 to 13 was accomplished with 
the same techniques as those used for the cyclic oligomeric 
model, and subsequent treatment with nitrous acid yielded 
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Table I1 
analysis 

compound % C  % H  % N  GPC MW UV max, nm Tg, "C "P NMR, ppm 
1 2  calcd 55.23 3.58 8.91 5 x 105 0 -16/-20 

found 

found 

found 

found 

found 

found 

1 3  calcd 

16 calcd 

17  calcd 

18  calcd 

19 calcd 

55.04 
59.75 
61.54 
61.73 
60.21 
65.05 
64.92 
54.32 
54.16 
68.97 
67.53 

3.68 8.68 
4.42 9.68 
5.16 10.21 
4.07 10.50 
4.50 10.18 
4.06 9.48 
3.36 9.49 
3.23 7.92 
3.04 7.19 
4.39 10.65 
4.70 10.40 

the diazonium halide 14. Coupling to the aromatic hy- 
droxy compound or amine was then accomplished as before 
to yield 15-19. 

An anticipated problem with this synthesis route was 
the possibility that the diazonium halide (14) might un- 
dergo intra- or intermolecular diazo coupling with the 
phenoxy groups attached to  the phosphazene chain. 
However, during the course of this investigation it became 
apparent  that this side reaction did not occur to a de- 
tectable extent. Cross-linking of 14 did not occur under 
the reaction conditions employed. Moreover, it was found 
tha t  neither poly(diphenoxyphosphazene), [NP(OCsH5)2],, 
nor hexaphenoxycyclotriphosphazene, [NP(OC6H5)2]3, 
underwent coupling reactions with phenyldiazonium 
chloride or (4-methylpheny1)diazonium chloride. Hence, 
a phenoxy group linked to  the  phosphazene skeleton is 
apparently inactive to diazo coupling processes. 

Characterization of the Polymers. The characteri- 
zation data are summarized in Table 11. The generation 
of intense colors following the diazo coupling step provided 
a firm indication for the  formation of 15. Specifically, 16 
yielded a yellow color (A, 442 nm), 17 was red (Arnm 338 
nm), 18 was orange (Arnm 438 nm), and 19 was purple in 
acidic media (Arnm 570 nm) and orange in base (Arnm 344 
nm). 

A number of questions remained about the structure of 
15. How efficient were the reduction step, the diazonium 
halide formation, and the diazo coupling processes? What 
was the  ratio of phenoxy to  substituted phenoxy groups 
in 12-15? Were the substituted aryloxy groups arrayed 
geminally or nongeminally along the chain? Did the 
substitution reactions result in detectable chain cleavage? 
Elemental microanalyses were compatible with a ratio of 
roughly 67% phenoxy and 33% substituted aryloxy groups 
for polymers 12-15 (Table 11). (Nitro groups or NH2 
groups could not be detected by infrared spectroscopy in 
species 15.) Hence, the reduction, diazotization, and  
coupling processes appeared to be virtually 100% effective. 
31P NMR spectra for 12-15 showed multiple peaks. A 
correlation of these spectra with the chemical shift changes 
that followed the replacement of electron-withdrawing 
groups (nitrophenoxy) by electron-releasing groups (am- 
inophenoxy) favored the view that the substituted aryloxy 
groups are arrayed nongeminally, i.e., that the repeating 
units present are NP(OC6H5), and NP(OC6H5)(OC6H4X), 
but not NP(OC&X),. This is compatible with the known 
nongeminal substitution pattern of (NPClJ,, (10) with 
sodium phenoxide, a pattern presumably induced by steric 
factors.17J8 

The GPC average molecular weights of species 13 and 
15 were in the region of 5 X lo5. This value, while lower 
than  the  maximum values reported for (ary1oxy)phos- 
p h a z e n e ~ ~ . ~ J ~  is not indicative of appreciable chain cleavage 
during the reaction sequence shown in Scheme 11. 

5 x 105 27 -81- 20 

5 x  105 442 50 -151-20 

-161-20 

5 x 105 438 24 - 161-20 

5 x 105 5701344 28 -161-20 

5 x 105 338 25 

Moreover, no significant change in shape or width of the 
GPC peaks occurred when 13 was diazotized and coupled. 
The glass transition temperatures listed in Table I1 in- 
dicate an increase in Tg following the attachment of the 
bulky azo unit to the polymer, and this is consistent with 
a corresponding restriction of backbone torsional free- 

Experimental Section 
Materials. Hexachlorocyclotriphosphazene (l), kindly pro- 

vided by Ethyl Corp., was purified by sublimation at 50 "C (0.5 
torr) for 48 h, recrystallized twice from hot n-hexane, and re- 
sublimed once. Samples for polymerization ( -200 g) were sealed 
in evacuated Pyrex tubes. N-Phenyl-1-aminonaphthalene (Ald- 
rich) was recrystallized once,from hot tetrahydrofuran. Phenol, 
P-naphthol, and 6'-NaS03-P-naphthol (Aldrich) were used as 
received. Tetrahydrofuran (THF) was boiled at reflux over 
benzophenone-sodium before use. 4-Nitrophenol (Aldrich) was 
recrystallized once from hot ethanol. PtO, and sodium hydride 
(Aldrich) were used as received. Dioxane (Baker) was dried over 
benzophenonesodium before use. Sodium hydride (Aldrich, 50% 
dispersion in oil) was washed with distilled n-hexane before use. 

Analytical Equipment. Gel permeation chromatography 
(GPC) analysis was carried out with a Waters Asaociah ALC-201 
instrument. A 132 cm X 1 cm 106 Styragel column was used with 
a THF solvent flow rate of 2.4 mL/min and samples injected at 
a concentration of 0.5 wt vol %. A refractive index detector was 
used. Approximate calibration of the columns was accomplished 
by means of narrow molecular weight polystyrene standards 
obtained from Waters Associates together with the use of mo- 
lecular weight data for other polyphosphazenes. The physical 
properties of the polymers were monitored by torsional braid 
analysis with a modified Chemical Instruments Corp. unit. 

S y n t h e s i s  of Hexakis(4-nitrophenoxy)cyclo- 
triphosphazene (2). The sodium salt of 4-nitrophenol was 
prepared with the use of sodium hydride in THF solution under 
a nitrogen atmosphere for 1 h. The solution changed from brown 
to bright orange as the salt formed. A solution of sodium 4- 
nitrophenoxide (172.2 g, 1.07 mol) in THF (300 mL) was added 
via an addition funnel with a positive nitrogen pressure into a 
reaction vessel which contained a stirred solution of hexa- 
chlorocyclotriphosphazene (1) (60 g, 0.172 mol) in THF (200 mL) 
under a dry nitrogen atmosphere. The addition took place during 
1 h. The reaction mixture was refluxed for 72 h. The insoluble 
product was collected by suction filtration, and the filter cake 
was washed with water (2000 mL), ethanol (2000 mL), and pentane 
(lo00 mL). Recrystallization from o-dichlorobenzene yielded 134 
g (81%) of 2; mp 261-264 "C (lit.16 mp 264 "C). A 31P NMR 
spectrum in THF showed a singlet at  6.9 ppm. 

S y n t h e s i s  of Hexakis(4-aminophenoxy)cyclo- 
triphosphazene (3). A 1000-mL stirrer-equipped autoclave waa 
charged with 40.0 g (0.041 mol) of hexakis(4-nitrophenoxy)- 
cyclotriph~sphazene~~ (2), aniline (75 mL), and 0.1 g of PtO, 
catalyst. The mixture was agitated vigorously under 50 psi of 
hydrogen pressure at 50 "C until no further pressure drop was 
recorded (-30 h). The reaction mixture was filtered and the 
filtrate was poured slowly into toluene (1000 mL). Impure 3 
precipitated from solution. After filtration, the crude 3 was 
recrystallized from o-dichlorobenzene and from THF to yield 30 

dom.14 
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g (92%) of pure 3,16 mp 189-190 "C. A 31P NMR spectrum in 
THF showed a singlet a t  11.2 ppm, which indicated complete 
conversion of NO2 to NH2 groups. 

Synthesis of 7. All diazotization reactions were carried out 
in an identical manner, and one representative description of the 
method will be given. Hexakis(4-aminophenoxy)cyclo- 
triphosphazene (3) (2 g, 0.0025 mol) was dissolved in water (35 
mL) containing 9.19 mL of 5 N HCl. The clear solution was cooled 
to 0 "C in an ice bath. To this solution was added dropwise 
NaN02 (1.16 g, 0.0016 mol) dissolved in water (10 mL) at 0 "C. 
The addition took place at a rate that maintained the temperature 
of the mixture below 2 "C at all times. This mixture was stirred 
for 1 h at 0 "C. @-Naphthol (5 g, 0.0347 mol) dissolved in aqueous 
NaOH (1.4 g, 0.035 mol) was added dropwise. The addition was 
accomplished quickly, but at no time was the temperature per- 
mitted to rise above 2 "C. Following the addition of @-naphthol, 
the solution became bright red and a red precipitate formed. The 
mixture was stirred for 6 h at 0 "C, after which time the precipitate 
was collected by suction fitration. The red solid was washed with 
water (50 mL) and ethanol (50 mL). It was then recrystallized 
from hot ethanol and dried under vacuum at 50 "C for 6 h. 
Caution: Prolonged heating in excess of 90 "C may lead to the 
decomposition of the diazo linkage. Yield 3.2 g (75%). The 31P 
NMR spectrum consisted of a singlet at 10.72 ppm. Mp 140 "C 
(dec). 

Synthesis of Poly(dich1orophosphazene) (10). Polymeri- 
zation of (NPC12):, (1) was carried out in degassed, sealed glass 
tubes, each containing about 200 g of purified 1. The sealed tubes 
were heated in a Freas Model 104 thermoregulated oven a t  250 
OC for 120 h. The tubes were agitated during polymerization so 
that a rocking motion was completed about once each minute. 
After completion of the polymerization, residual cyclic trimer was 
removed by vacuum sublimation a t  55 "C (0.7 torr). To reduce 
differences in the poly(dich1orophosphazene) samples used in the 
various substitution reactions, a number of polymerization tubes 
were simultaneously filled with trimer from one uniform batch; 
evacuated, and sealed. These tubes were stored in the dark and 
were polymerized as needed, using the same time and temperature. 

Synthesis of Poly(33% 4-nitrophenoxy/67% phenoxy)- 
phosphazene (12). The sodium salt of phenol was prepared with 
the use of sodium hydride in dioxane solution, initially under a 
nitrogen atmosphere for 1 h. A solution of sodium phenoxide (29.9 
g, 0.258 mol) in dioxane (300 mL) was added via an addition funnel 
with a positive nitrogen pressure into a reaction vessel which 
contained a stirred solution of poly(dich1orophosphazene) (10) 
(20.0 g, 0.17 mol) in dioxane (1100 mL) under a dry nitrogen 
atmosphere. The addition took place over a 2-h period. The 
mixture was stirred for 96 h at reflux temperature and a solution 
of sodium 4-nitrophenoxy (27.7 g, 0.17 mol) in dioxane (300 mL) 
was then added over a period of 2 h. This mixture was stirred 
for an additional 24 h a t  reflux temperature. The polymer was 
recovered by partial removal of the solvent at reduced pressure 
and by precipitation into n-heptane (lo00 mL). The polymer was 
purified by reprecipitation twice from THF into water, once into 
ethanol, and twice into n-heptane; yie!d 29.2 g (68%). Infrared 
analysis confirmed the presence of a broad P=N "stretching" 
band centered near 1200 cm-'. 

Synthesis of Poly(33% 4-aminophenoxy/67% phenoxy)- 
phosphazene (13). A 1000-mL autoclave was charged with 25 
g of 12, aniline (500 mL), and 0.1 g of Pt02 catalyst. The mixture 
was agitated vigorously and was hydrogenated under 50 psi of 
hydrogen pressure at 50 "C until no further pressure drop was 
recorded (-40 h). The reaction mixture was filtered, and the 
filtrate was added dropwise to ethanol (2000 mL). Impure 13 
precipitated from solution. After filtration, the crude 13 was 
reprecipitated twice from THF into water (2000 mL), once from 
THF into ethanol (lo00 mL), and once from THF into n-heptane 
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(1000 mL). In order to remove any remaining traces of aniline, 
the polymeric material was extracted thoroughly (96 h in a Soxhlet 
apparatus) with ethanol; yield 21.1 g (89%) of a white polymeric 
material. 31P NMR analysis suggested a 33% 4-aminophenoxy- 
67% phenoxy side-group composition, with no evidence of residual 
4-nitrophenoxy groups. Infrared analysis confirmed the presence 
of a P=N "stretching" band centered around 1200 cm-'. The 
amino functionalities were detected from bands centered around 
3500-3200 cm-' (Table 11). 

Synthesis of 17. All polymeric diazotization reactions were 
carried out in an identical manner, and the following procedure 
is typical. Poly(33% 4aminophenoxy/67% phenoxy)phosphazene 
(13) (2 g) was dissolved in THF (35 mL) containing 1.65 mL of 
10 N HC1. The clear solution was cooled to 0 "C in an ice bath. 
To this solution was added dropwise NaNOz (0.79 g, 0.011 mol) 
in water (20 mL) at 0 "C. The addition took place at a rate which 
kept the reaction temperature below 2 "C a t  all times. No pre- 
cipitation of the polymer took place. This mixture was stirred 
for 1 h a t  0 "C. @-Naphthol (1.59 g, 0.0109 mol) dissolved in 
aqueous NaOH (0.44 g, 0.011 mol) was then added dropwise. The 
addition was accomplished quickly, but at no time was the tem- 
perature permitted to rise above 2 "C. Following addition of the 
@-naphthol, the solution changed from colorless to orange. The 
mixture was stirred for an additional 2 h, after which time the 
solution was filtered and the filtrate was precipitated dropwise 
into ethanol (500 mL). The orange-colored polymeric solid was 
collected and purified by reprecipitation from THF into ethanol 
and twice from THF into n-pentane. All the polymeric diazo- 
tization coupling products were extracted with ethanol for 96 h 
by means of a Soxhlet apparatus before drying under vacuum a t  
50 "C for 8 h yields 2.0 g (76%). Additional characterization data 
for this and the other products are listed in Table 11. 
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