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Halogenated phenoxyphosphazenes have been prepared by solution polymerization and characterized by 
g.p.c., d.s.c., Fourier transform i.r. spectroscopy, optical microscopy, solution and solid state n.m.r., 
dilatometry and diffraction techniques (WAXS and electron diffraction). Phase transitional behaviour was 
monitored above the thermotropic transition IT( l ) ]  for each polymer and a general transformation 
scenario was established depending upon side group chemistry. It has been determined that side group size 
and substitution affects the glass transition temperature (Ts), T(1 ) and the melting temperature (Tin) in 
a way that can be scaled linearly with T(1 )~Tin providing a useful guide to polyphosphazene behaviour. 
Through measuring properties as a function of temperature, a unifying perspective of the transitional 
characteristics of PB (4-H) PP and PB ( 3 -H ) PP polymers below as well as above T ( 1 ) has been established. 
A smectic mesophase where the chain backbone is extended and packed (accommodated) into 
pseudohexagonal arrays is primarily responsible for the properties of polyphosphazene above T(1 ). This 
arrangement also facilitates the ability of the thermotropic state to organize and solidify into an 
orthorhombic three-dimensional phase upon cooling from the two-dimensional thermotropic state. The 
polymers as crystallized from solution are of relatively low crystallinity in the monoclinic form, the level 
depends upon the nature and size of the side group and the conditions of precipitation. 
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I N T R O D U C T I O N  

Phase transitions in thermotropic polyphosphazenes 
have created considerable interest in recent years and 
many experimental techniques ~-7 have been used to 
monitor them. Monitoring probes have included optical 
inspection of specimens between crossed polars using hot 
stage microscopy, d.s.c. (which is one of the more popular 
procedures) and ~3C and 31p magic angle spinning 
(MAS) n.m.r, with decoupling as a recent and important 
method for in situ investigations. X-ray diffraction 
(WAXS and SAXS), TEM and SEM, as well as optical 
microscopy, have also featured strongly as important 
investigative procedures. Changes in significant physical 
behaviour as a function of temperature also include 
dynamic mechanical property 8 and creep measurements 9, 
and dielectric ~° and diffusion 1~'12 studies. Much of the 
research emphasis has centred around the changes that 
occur in the polyphosphazenes prepared by solution 
casting and subsequent heat cycling through the 
thermotropic transition [ T(1 )] and beyond to the final 
isotropization or melting temperature (Tm). While many 
important and intriguing aspects of phase behaviour and 
concomitant morphological features have been studied, 
more details remain to be documented in order to 
improve our understanding of properties and morphology 
as they relate to modifying polymeric behaviour. Some 
of the interrelationships provide striking contrasts as well 
as similarities in polyphosphazenes. This paper reports 
on aspects of such a study for phenoxy-substituted 
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polyphosphazenes of varying group size, polarity and 
chemistry by employing structure and morphological 
sensitive probes that monitor changes in physical 
characteristics with temperature. 

One significant feature that precedes all physical 
measurements is proof of chemical structures (i.e. 
characterization), which is also emphasized in this paper. 

EXPERIMENTAL 

Materials 
Several polyphosphazenes with phenyl and halogenated 

phenyl groups have been synthesized, purified and 
characterized. Solution polymerization 13 was employed. 
The characterization methods include g.p.c., solution 13 C 
and 31p n.m.r., i.r. spectroscopy and elemental analysis. 
From these techniques, it was established that the 
polymers used were linear and free of side group or 
crosslinking impurities within the sensitivity limits of the 
analytical procedures. 

G.p.c. measurements 
G.p.c. measurements for our solution polymerized 

polyphosphazenes all exhibit polydispersities that are 
much lower than the corresponding melt polymerized 
polymers. This is clearly depicted in Table 1, which shows 
that the Mw/M n ratios of the polyphosphazenes are 
usually < ~4.  

Differential scannin9 calorimetry 
D.s.c. measurements for physical investigations proved 

to be a good procedure for rapid detection of transitions 
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Table  1 Results of the g.p.c, analysis for the poly[bis(halophenoxy) 
phosphazenes ] 

Polymer M, ( x 10 -s )  Mw ( x 10 -s )  M , / M .  

Solution polymerization = 
PB (4-F)PP 6.6 25.8 3.9 
PB(4-C1)PP 4.4 17.9 4.1 
PB(4-Br)PP 4.3 15.5 3.6 
PB(3-F)PP 4.6 14.4 3.2 
PB ( 3 - C 1 ) P P  3.7 8.9 2.4 
PB ( 3 -Br ) PP 6.6 23.3 3.5 

Melt polymerization ~ 
PB(4-C1)PP 3.2 35.6 11.3 
PB (3-C1) PP 2.2 21.3 9.7 

"Given for comparison purposes 
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Figure  l (a) D.s.c. heating/cooling curves (10°C min -~) for 
poly[bis(p-fluorophenoxy)phosphazenes] between 25°C and 200°C: 
I, solution cast film ; II, after heating/cooling I ; III, after annealing at 
200°C (30 min ). (b) D.s.c. heating/cooling curves ( 10°C min-  1 ) for 
poly[bis(m-fluorophenoxy)phosphazenes] between 25°C and 200°C. 
Heat treatment conditions as in I - I I I  in (a) 

of diverse kinds, but especially for glass transition 
temperature (Tg), T(1) and T m detection. Figure la 
illustrates some results found for poly[bis(p-fluoro- 
phenoxy)phosphazene] (PB (4-F) PP). Note that there 
is an upward shift in the location of T( 1 ) and in T m with 
heat cycling of the polymer specimen. There is also an 
enhancement in the enthalpy of these transitions except 
for the T~ region which decreases in intensity, but not 
location, with heating/cooling of the sample through 
T(1 ) or T m. A significant change in the breadth, area 
and position of the T(1 ) transition occurs in a manner 
to be associated with structural and morphological 
transformations arising from diverse heat treatments. 
Figure lb illustrates the transitional behaviour of 
poly[bis(m-fluorophenoxy)phosphazene] where similar 
trends are observed. 

Interestingly, an important relationship exists between 
Tg, T(1) and Tm for all the polymers studied here and 
elsewhere. Figure 2 highlights this correlation for the 
polyphosphazenes. Some pertinent results obtained for 
m-substituted polyphosphazenes are listed in Table 2. 
Data for the PB (4-H)PP halo p-substituted phosphazenes 
are provided in Table 3. 

Differential thermooravimetric analysis 
Another well established monitoring technique, 

namely thermogravimetric analysis (t.g.a.), was used to 
determine the thermal stability of each polymer. This 
analysis was used in a routine manner in order to 
ascertain the stability of the polymer in nitrogen (this 
gas was employed as a 'blanket' in other measurements 
unless the polyphosphazene was being investigated under 
vacuum ). 

Dilatometry 
This technique is well known, but it is also informative 

particularly in any investigation of transitional behaviour 
that is accompanied by a measurable change in volume. 
For this reason, it seems to be suitable for investigating 
all of the polyphosphazenes employed in this work. Dried 
specimens of solution precipitated polyphosphazenes 
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Table 2 Results of d.s.c, measurements  for poly [b is (m-halophenoxy)phosphazenes]  

T H F  cast P B ( 3 - H ) P P  films 

Polymer T, ACp T ( 1 ) AHT( 11 T¢ Trn 
Polymer history a (°C) (cal g -  t K -  1 ) (°C) (cal g -  1 ) ( °C ) ( °C ) 

PB ( 3-F ) PP  I - 38 0.080 48 2.1 20 260 

II 49 4.0 21 

III 50 4.0 21 

PB (3-C1)PP | - 24 0.074 66 2.5 35 290 

II 74 3.3 36 

III 75 6.3 36 

PB(3 -Br )PP  I - 15 0.044 81 3.7 35 320 

II 78 2.9 36 

III 80 4.9 38 

a[, as-cast;  II, second run after heating to 200°C and cooling to room temperature at 10°C min-1  ; III, sample annealed at 200°C for 30 min and 
cooled to room temperature at 2°C min-1  before d.s.c, run 

Table 3 Results of d.s.c, measurements  for poly[bis (p-halophenoxy)phosphazenes]  

T H F  cast P B ( 4 - H ) P P  films 

Polymer T 8 ACp T ( 1 ) AHT(1) T¢ T m 
Polymer history" (°C) (cal g -  1 K - 1 ) (°C) (cal g -  1 ) (°C) (°C) 

P B ( 4 - F ) P P  I - 2  0.063 134 3.1 103 370 

II 146 6.9 105 

III 151 9.0 109 

PB (4-C1) PP  I 4 0.023 150 3.7 139 390 

II 171 7.1 141 

III 173 7.4 143 

PB (4-Br)PP I 24 0.076 156 2.0 131 420 

II 164 4.7 132 

III 166 5.0 134 

aSee footnote to T a b l e  2 

were fabricated as transparent cylindrical discs under 
both pressure and vacuum to yield transparent void-free 
plugs that were introduced into the dilatometer head and 
sealed before the dilatometer assembly was filled with 
triply distilled mercury that was introduced under 
vacuum following the standard evacuation procedure. 
After adjustment of the mercury to a level judged 
appropriate for the experiment, the assembly was 
immersed in a thermostatically controlled silicone oil 
bath and ramp heated slowly through the T( 1 ) transition 
in a manner that was appropriate for the polymer in 
question. After approximately every 5°C, the bath was 
thermostatically controlled to within _ 0.05°C of the set 
temperature and the mercury height was recorded (on a 
rising meniscus) at equilibrium. Cooling measurements 
were also carried out stepwise in a similar fashion. Typical 
heating/cooling curves are illustrated in Figure 3. In 
Fig ure 3, poly [bis- (trifluoroethoxy) phosphazene ] ( PB FP ) 
and poly [ bis- (phenoxy) phosphazene ] (PBPP) polymers 
are employed as reference materials. Each polymer was 
subjected to several thermal cycles. The specific volume 
in the initial run was always found to be considerably 
higher than the values encountered in subsequent 
measurements. The magnitude of the transition in volume 
obtained in this first run is always lower than is found 
in subsequent runs after heat cycling. The temperature 
span of the first transition is always broad for 

morphological and kinetic reasons that will be addressed 
later. 

The expansion coefficients determined for halogenated 
phenoxy compounds are given in Table 4. The first 
column ~c is determined for the crystalline orthorhombic 
phase established after the first heating, the ~r , )  values 
were calculated from the specific volume-temperature 
lines for the thermotropic phase above T(1): 

l (&vi~p 
~ i -~- - -  

v i k,&TJ 

where i denotes the appropriate phase. 

Density gradient column measurements 
The liquids used in constructing this column were 

ethanol (density, p = 0.79 g m1-1) and carbon tetra- 
chloride (p = 1.60 g ml-1). The column was calibrated 
with glass floats of known p ( _+ 0.001 g ml- ~ ) to provide 
a linear relationship (correlation coefficient ~ 0.9999) 
between p (g m1-1 ) and height (cm) in the column. The 
column was controlled to better than +0.05°C. The p 
values of small dried samples of polyphosphazene 
(<  1 mm 3) were measured in this column and cross- 
checks were made with dilatometry data and with 
variously heat-treated specimens used for X-ray and 
other measurements. 
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Figure 3 Specific volume v e r s u s  temperature plots for (a) PBFP, (b) PBPP, (c) PB(3-CI)PP and (d) PB(4-F)PP. Temperature ranges vary with 
the polymer and its T( 1 ) transition: ( • )  first heating; (O)  first cooling; ( • )  second heating; ( [ ] )  second cooling; ( ~ )  third heating; (O)  third 
cooling 

Spectroscopy 
Transmission Fourier transform i.r. (FTi.r.) spectra 

were obtained from 1600 to 400 cm-  1 for each polymer. 
A Mattson Polaris FTi.r. instrument with a liquid 
nitrogen cooled detector was employed with an IBM 
computer for data acquisition. All spectra exhibited 
similar features with no noticeable P - O - P  stretching or 
bending so testifying to the linearity of the polymers in 
accordance with other means of characterization. 
Likewise, no P - O H  bonds were detected, which is 
evidenced by lack of the 2550-2700 and 2100-2300 cm-  
characteristic bands. Typical spectra are illustrated in 
Figures 4a and b for P B ( 3 - H ) P P  and P B ( 4 - H ) P P  type 
polyphosphazenes, respectively. The vibrational bond 
assignments have approximately the same locations as 

in the spectrum of PBPP (Figure 4c). The principal band 
assignments are indicated in the figures. 

Solution n.m.r, spectroscopy 
Investigations were carried out using a Briiker AM 

500 n.m.r, spectrometer with an operating frequency of 
202 MHz for 31p and 125 MHz for 13C measurements. 
Solution 31p n.m.r, spectroscopy was used to determine 
that a linear polymer was synthesized and ~3C n.m.r. 
spectroscopy was employed to demonstrate that the 
desired side groups were attached to the backbone of the 
particular polyphosphazene. 

All solution x3C n.m.r, spectra were recorded in two 
different modes namely, IH coupled and decoupled. 
Tetramethylsilane (0 ppm reference) was employed as a 
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Table 4 Expansion coefficient data for some polyphosphazenes 

~¢ ( x i 0 " )  ~r(1) ( x 10 4) 
Polymer ( K -  1 ) ( K -  1 ) 

PB(3 -F )PP  6.7 6.6 
PB (3-C1)PP 7.0 6.9 
PB(3-Br)PP 7.4 7.3 
PB (4-F) PP 5.4 11.2 
PB (4-C1) PP 6.4 12.7 
PB(4-Br)PP 9.7 21.3 
PBPP 6.0 10.6 
PBFP 8.9 10.7 
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Figure 4 I.r. spectrum of a typical PB(4 -H)PP  and PB(3 -H)PP  
polymer in the transmittance mode showing the principal peaks: 
( a ) poly [bis ( m-chlorophenoxy ) phosphazene ] ; (b) poly [bis (p-chloro- 
phenoxy)phosphazene] ; (c) poly Ibis (phenoxy)phosphazene] 

reference standard (0 ppm). Figure 5 gives typical 
spectra for PB (4-Br)PP and PB (3-Br)PP in the coupled 
and decoupled modes. A summary of 13C n.m.r. 
resonances for poly (phenoxy)phosphazenes and their 
corresponding assignments are shown in Table 5 for each 
carbon atom in the phenyl side chain. Results of 31p  

n.m.r, analysis for polyphosphazenes are listed in Table 
6. From these results, it can be concluded that the 
chemical structures as stated, complement the FTi.r. and 
other means of polyphosphazene characterization. 

Solid state n.m.r, spectroscopy 
Solid state variable temperature MAS n.m.r, measure- 

ments were made using a Briiker MSL 300 spectrometer 
with an operating frequency of 121.5 MHz for 31p and 
75.5 MHz for 13 C analysis. Magic angle sample spinning 
was performed at speeds of 2.0-4.0 kHz. The instrument 
temperature capability ranged from 100°C down to 
cryogenic values. Dried solution crystallized powder of 
each polyphosphazene was spun in aluminium oxide 
rotors inside the sample chamber during stepwise 
heating/cooling and then isothermal holding of the 
polymer during measurement times that were spaced at 
5-10°C intervals approximately. 

A series of MAS n.m.r, measurements and results show 
that this technique is useful for the study of in situ 
molecular chain dynamics, chain conformation and 
specimen crystallinity of polyphosphazenes. Often, an 
ordered (crystalline) and a disordered (amorphous) 
contribution are exhibited by the chain backbone below 
T(1), whereas above this temperature a single highly 
mobile two-dimensional (2-D) phase exists in an 
expanded state depicted by dilatometry measurements. 
Clearly, there is a strong crystallinity dependence upon 
temperature (Figure 6), as has been noted t4 and also 

Table 5 Summary of the 13C n.m.r, analysis for poly[bis(halophenoxy) 
phosphazenes] 

13C n.m.r. (ppm) 

Polymer C 1 C 2 C 3 C 4 C 5 C 6 

PBPP 152.7 122.1 129.7 
PB(4 -F)PP  148.0 116.5 123.1 

PB(4-C1)PP 130.8 122.9 130.2 
PB(4-Br)PP 118.5 123.2 133.3 
PB(3 -F )PP  152.7 131.0 164.6 

162.6 
PB(3-C1)PP 135.2 131.0 152.3 
PB(3-Br)PP 123.0 131.3 152.2 

124.4 129.7 122.1 
161.3 123.1 116.5 
159.3 
150.4 130.2 122.9 
151.0 133.3 123.2 
117.4 109.4 112.4 

125.9 119.8 121.9 
128.7 120.2 124.7 

Table 6 Results of the 31p n.m.r, analysis for the polyphosphazenes 
synthesized 

I - - P ( R ) 2 = N - ] .  

Side group R 31p (ppm) 

OCH2CF 3 - 6.9 
OC6H s -20.1  
OC6H4-(p)-F - 16.2 
OCoH4-(p)-C1 - 17.0 
OC6H4-(p)-Br - 17.0 
OC6H4-(m)-F - 17.8 
OC6H4-(m)-C1 - 17.5 
OC6H4-(m)-Br - 17.5 
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laC n.m.r, spectra of PB(4-Br)PP: (a) ~H coupled; (b) 1H decoupled. 13C N.m.r. spectra of PB(3-Br)PP: (c) 1H coupled; (d) tH 

recorded in d.s.c, and X-ray measurements 15. Still, all of 
the results are not as well defined as in PBFP where the 
side groups are relatively small and inherently mobile 
(by n.m.r.) because the Tg of the polymer is well below 
room temperature. Even so, there seems to be a common 
pattern (with some exceptions Figures 7a and b). This 
will be addressed in the discussion. 

Elemental analysis 
These analyses are provided in Table 7 and attest 

to the chemistry of the polyphosphazenes synthesized. 

DISCUSSION 

T(1) transition 
Trends in physical parameters of several well 

characterized poly[bis(halophenoxy)phosphazenes] have 
been measured and categorized: several unifying trends 
or features are evident in this work. 

Specifically, the observed d.s.c, changes (Figures la 
and b) that occur upon temperature cycling through 
T(1 ) in these polyphosphazenes are as follows: 

1. upon the initial ramp heating a relatively small and 
broad transition is noted for the solution cast 
monoclinic phase which is chain folded crystalline 

( < 50% ) with amorphous or disordered regions. This 
peak area is a compromise associated with the 
enthalpy of 'melting'  and concomitant chain extension 
into the expanded thermotropic phase (as labelled); 

2. upon cooling from the thermotropic state the 
crystallization peak narrows (as expected) and this 
change is associated with the enthalpy difference 
between the 2-D thermotropic and the three- 
dimensional (3-D) orthorhombic forms that possess 
some inherent disorder (verified by X-ray, electron 
diffraction and other techniques) depending upon 
cooling conditions ; 

3. in subsequent heating the T(1 ) transition is enlarged 
and sharpened and occurs at a higher temperature; 

4. on cooling again, the crystallization curve appears 
earlier on the temperature scale and its peak area is 
also enhanced ; 

5. on further recycling the enhancements in these 
parameters become less pronounced, since 3-D 
ordering occurs below, and 2-D disordering takes 
place at T ( 1 ), and each state improves asymptotically, 
i.e. shifts with heat treatment as demonstrated already 
for other polyphosphazenes a'14"16. 

Figure 2 establishes that the side group dimensions 
may be correlated linearly with the characteristic 
parameters Tg, T( 1 ) and Tm determined by d.s.c, or other 
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Amorphous 

A Crystalline Jl t 

identified per se in this investigation. There is 
considerable side group and even backbone mobility 
above T(1) according to solid state MAS n.m.r. 
measurements made during temperature cycling through 
the T(1 ) transition. Complementary less direct evidence 

B Crystalline ~ _ . ~, //'m°rpn°°s 

/ ,ji t , 
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Figure 6 Solid state MAS 31p n.m.r, spectra of PBFP: (A) initially 
as precipitated from solution, 20°C; (B) after heating to 100°C in the 
Briiker spectrometer and cooling to 20°C; (C) after annealing outside 
the spectrometer in nitrogen at 200°C and measured at 25°C 

means. These fundamental parameters are intrinsically 
associated with side chain chemistry and polyphosphazene 
characteristics. The location and magnitude of the T(1 ) 
peak changes significantly with temperature cycling. The 
broad peak depicted initially in Figure 1 (e.g. run I) 
relates to a sample of relatively low initial crystallinity 
(<50%)  having a chain folded lamellar spherulitic 
morphology that was formed by solution crystallization. 
These general features were found to be characteristic of 
all the polyphosphazenes, the specimen crystallinity 
decreases with increasing side group dimensions and their 
reduced role in influencing crystallizability. The folded 
morphology of the monoclinic form necessarily unfolds 
in the vicinity of T(1 ) during the first d.s.c, run. The 
transformation is driven by entropic disordering of side 
groups so as to relieve induced stress and so produce a 
more stable and open chain extended thermotropic 
morphology that is controlled by side group conforma- 
tions (or the lack thereof) through the T(1 ) temperature. 
After T(1) is reached the polymer chains become 
extended and occupy a pseudohexagonal arrangement 
presumably in diverse sized domains that are not yet 

i i , i _210 40 20 0 
. . .  

ppm 

b 

60oc 

-,'o -6'0 -80 

20oc 

.~/'~, / 60°C 

210 I i i _ 6i0 40 0 -20 -40 -80 
ppm 

Figure 7 31p n.m.r, spectra of PB(3-Br)PP obtained during (a) 
heating and (b) cooling between room temperature and 100°C, 
respectively 
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Table 7 Some elemental analyses of PBHPP type polyphosphazenes 

Substituent C N P F C1 Br H O % 

4C1 48.5 4.4 10.3 - 22.7 - - Found 
48.0 4.7 10.3 0 23.6 0 2.7 10.7 Calc. 

4Br 37.0 3.5 7.7 - < 0.4 40.7 - - Found 
37.1 3.6 8.0 0 0 41.1 2.1 8.2 Calc. 

3C1 48.2 5.1 . . . .  2.6 - Found 
48.0 4.7 10.3 0 23.6 0 2.7 10.7 Calc. 

3Br 38.9 3.9 . . . .  2.3 - Found 
37.1 3.6 8.0 0 0 41.1 2.1 8.2 Calc. 

4F 54.2 - 10.5 - - - 2.8 12.5 Found 
54.0 5.2 11.6 14.2 0 0 3.0 12.0 Calc. 

All of the above showed no branching for 3ap solution n.m.r.; the i.r. spectra were normal too 

is found in dilatometry and X-ray expansion measure- 
ments. 

Transmission electron diffraction evidence made on 
metal shadowed thin monoclinic 'single crystal-like' 
morphologies below and above T(1) provides direct 
evidence 17 for crystal thickening and surface roughening 
whenever crystals are heated through this transition. 
Likewise, small-angle X-ray diffraction measurements is 
made: (1) on original samples heated in situ and 
examined simultaneously using synchrotron SAXS 
radiation; and (2) by standard SAXS monitoring of 
samples iv after stepwise heating/annealing, demonstrate 
that thickening occurs in the chain backbone direction 
whenever specimens are heated initially via the T(1 ) 
transition. No further changes in SAXS long spacings 
were observed on subsequent thermal cycling or 
measurements. These results suggest that after the initial 
chain thickening as T(1) is approached, the process is 
irreversible presumably because the chain extended 
morphology has greater stability than the folded 
monoclinic morphology. However, there is a need 
to make additional measurements whenever narrow 
molecular weight fractions become available, in order to 
establish this situation with a higher degree of certainty. 

The extent of ordering improves greatly with 
temperature cycling as witnessed by the upward 
temperature shift in T(1 ) and the enthalpy enhancement 
with annealing. Clearly, there is indisputable experimental 
evidence for this change and other observations reported 
in this paper support this trend in behaviour. The 
interchain spacing in the thermotropic state is controlled 
by the side group dimension on the phosphorus. The 
spacing increases in accordance with the increase in the 
size of the substituted phenoxy group or side group 
dimensions. The dimensional changes from X-ray 
diffraction 19 listed in Table 8 evoke a pattern and follow 
it. The magnitude of the interchain spacing varies with 
heat treatment since not only does it depict side group 
packing in a 21 helical chain arrangement, but the rate 
of heating/cooling influences the actual conformation of 
the mesogenic side chains according to diffraction 
evidence 2°-z2, which is not always well-defined when the 
side groups are small. However, the clearest evidence 
comes from the dependence of side group dimensions 
that affects interchain spacing in the 2-D and 3-D states. 
These transformations are manifested in a less delicate 
fashion by significant volume changes that are observed 
via dilatometry, which monitors the average molecular 

Table 8 Results of X-ray diffraction measurements for PB (4-H)PP 
at 200°C 

Polymer No. I = d (~,) (hkl) an (l~)b 

PB(4-F)PP 1 vs 11.5 (100) 13.2 
2 w 6.67 (110) 
3 w, broad ~5.0 (210) 

PB(4-CI)PP 1 s 12.3 (100) 14.2 
2 vw 7.16 (110) 
3 w, broad 5.4 (210) 

PB(4-Br)PP 1 m 12.6 (100) 14.5 
2 vw 7.22 (110) 
3 w, broad 5.4 (210) 

=Intensity: vs, very strong; s, strong; m, medium; w, weak; vw, very 
weak 
blntermolecular distance between chains in the thermotropic phase (at 
200°C ) 

conformation in the bulk specimen and encompasses 
disordered as well as ordered states of the polymer that 
are dictated by sample history. The relative contributions 
from each of these factors cannot be deconvoluted to 
provide a clear picture of the overall transformation 
scenario measured by dilatometry unless sufficient 
knowledge of the amorphous/crystalline morphology (or 
state of order) of the system is available so that their 
relative contributions with temperature are known. Some 
characterization has been accomplished by X-ray 
and microscopical investigations of polyphosphazene 
specimens that have been removed from the dilatometer 
after specimens were subjected to known thermal 
histories. 

Sol id  s tate  n.m.r,  spectroscopy 

MAS n.m.r, analysis is often a useful probe used to 
study in situ conformational changes that occur within 
the polymer specimen during temperature cycling. It is 
a non-destructive test (that usefully complements 
diffraction and other techniques) used to monitor 
transformations that arise in the solid state under 
isothermal or temperature cycling. However, there 
are sometimes inherent complexities that arise in 
making comparisons between methods. Results obtained 
for PBFP, a trifluoroethoxyphosphazene, although 
reported 23 already in part, are still worth emphasizing 
since some of the fundamental changes that occur in 
morphology are better documented experimentally in 

3222 POLYMER, 1992, Volume 33, Number 15 



Phase transitions in polyphosphazenes." S. G. Young et al. 

-11 " ' ~  

-13 

I e~ 
-15 

u~ 

-17 

~) -19 

-21 

- 23  , I , I , I , I , I , l , I , 

-50 -30 -10 10 30 50 70 90 110 
Temperature [°C) 

Figure 8 a l p  chemical shifts of PB (3 -F)PP  during thermal cycling: 
( O ) first heating ; ( /x ) first cooling; ( [ ]  ) second heating ; ( O ) second 
cooling 

resonances are present [as in PB (3-Br)PP], but at 100°C 
one of these disappears and the other one splits into a 
doublet. This feature is probably an artifact of CP 
since this technique is designed for rigid systems24; 
PB(3-Br)PP is not a rigid system owing to its very low 
crystallinity. It seems that the bromine-substituted 
carbon is extremely mobile below and above T(1), so 
that the 13C resonances cannot be observed due to 
a time-averaged superposition. Further study will be 
devoted to resolve this complexity. 

In the case of PB (3-F)PP, the 3~p chemical shift with 
temperature cycling is very reproducible and does not 
alter much between the first and second runs. A sharp 
step that occurs at ~ -  10°C seems to be related to a 
backbone conformational change. The downfield shift of 
this change signifies that the electron density of the 
backbone decreases substantially. Surprisingly, there is 
no step change at the T(1) transition (49°C) or at Tg 
( ~ - 38°C). 

Again, the 13CCP/MAS n.m.r, spectra for this 
PB(3-F)PP (like PBFP) exhibit side group mobility in 
the 3-D and 2-D phases. In the latter (thermotropic) 
state, the carbon atoms are slightly more mobile above 
50°C. Table 9 lists the 13C spin-lattice relaxation times 

PBFP (Figure 6) and are also of fundamental 
importance to the other polymers, where the side group 
is larger and less mobile, as in the halogenated 
phenoxyphosphazenes that usually have considerably 
higher Tg values (see Tables 2 and 3) compared to PBFP 
( T g ~ - 6 6 ° C ) .  a l p  MAS n.m.r, results for all the 
halophenoxyphosphazenes support the idea of two 
resonances below T( 1 ), one belonging to the amorphous 
(disordered) regions and the other to the crystalline 
(ordered) regions of the polymers. Figure 8 depicts the 
changes in the alp chemical shifts observed in 
PB(3-F)PP with temperature cycling. However, there 
are also different features noted for instance in the 31p 
n.m.r, spectra of PB(3-Br)PP in Figure 7a at these 
selected temperatures on heating and in Figure 7b upon 
cooling to room temperature. Initially, a single broad 
peak is noted at 27°C. As the polymer is heated, a peak 
appears at - 29  ppm, which corresponds to the T(1) 
mesophase and two distinct peaks also coexist above this 
transition. Upon cooling the sample in the spectrometer, 
the -29  ppm resonance decreases and then disappears 
reversibly at 20°C. This behaviour contracts with the 
results of other polyphosphazenes and may be attributed 
to steric interactions involving the polar m-substituted 
bromine atom on the phenyl ring. Again, the time-scale 
of the experiment may not be adequate for the 
PB(3-Br)PP to reorganize properly into a 2-D 
mesophase as witnessed by the coexistence of two 
resonances above T( 1 ). X-ray diffraction evidence made 
on heat treated PB(3-Br)PP indicates that the low 
crystallinity solution precipitated monoclinic form 
transforms into the orthorhombic form, which then 
shows improved order upon stretching below T(1). 
Other polyphosphazenes in this series exhibit similar 
behaviour in agreement with d.s.c., dilatometry and other 
measurements. 

The 13C cross-polarization (CP)/MAS spectra of the 
same polymer (Figure 9) taken at 25°C and 100°C, 
respectively, also exhibit behaviour that is distinct from 
the other polyphosphazenes. At 25°C two broad 

! 
I ~  I00°C 

/%/ \ 2,oc 

I . . . .  I . . . .  I . . . .  I , j 

200 150 I00 50 
ppm 

Figure 9 13C C P / M A S  n.m.r, spectra of PB(3-Br )PP  at 25°C and 
100°C, respectively 

Table 9 Results of the 13C T 1 spin-lattice relaxation measurements 
(in s) for P B ( 3 - F ) P P  

Temperature (°C) 

Carbon atom 25 75 

C 1 1.9 1.1 
C 2 1.1 0.5 
C 3 1.5 0.9 
C4 0.5 0.3 
Cs 0.6 0.2 
C 6 0.5 0.3 
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Figure 10 alp n.m.r, spectra of PB(3-C1)PP during thermal cycling 
between room temperature and 100°C, respectively 

for PB(3-F)PP at 25°C and 75°C, respectively. For the 
PB(3-C1)PP polymer (Figure 10), with its T(1) 
transition at 75°C and T~ ~ -24°C, 31p n.m.r, spectra 
were recorded on heating/cooling. Only one 31p n.m.r. 
resonance is observed on either side of T(1 ) due to the 
fact that the electron density and magnetization of the 
phosphorus atoms in the backbone are similar in the 
2-D and 3-D phases. From the 31p chemical shift versus 
temperature no step change is observed at T(1 ). The 13C 
CP/MAS n.m.r, spectra only show two resonances even 
after 31 000 scans. One resonance can be assigned to the 
chlorine-substituted carbon with all the other resonances 
lumped into the other peak. Since none of the individual 
carbon resonances could be assigned, no relaxation 
measurements were possible. This behaviour may be 
attributed to an averaging of the magnetization of each 
carbon atom so that individual resonances overlap. 

Measurements may be possible using oriented 
polyphosphazenes where it has been established 
recently 25 that very well-defined X-ray diffraction 
patterns may be obtained under the proper heat 
treatment and stretching conditions. Apparently, stress 
induces or enhances ordering, or crystallization, from the 
2-D to the 3-D state more readily when specimens are 
stretched than it does in the relaxed state where steric 
and polar restrictions curtail the transformation per se, 
which is also very dependent upon kinetic considerations. 

CONCLUSIONS 

1. Halogenated phenoxyphosphazenes were prepared 
by solution polymerization procedures and well 

characterized as linear polymers using diverse 
techniques. 

2. All solution crystallized polyphosphazenes precipitate 
in the monoclinic form in a state of low crystallinity 
(< 50%). The larger the side group the lower is the 
degree of crystallinity in the precipitated crystals. 

3. A unifying transformation scenario is evidenced for 
these polymers as follows with temperature cycling: 

monoclinic heating > T(1 ) thermotropic 2-D 
(low 3-D (chain unfolding (pseudohexagonal) 
crystallinity) and extension) smectic phase 
(chain folded) 

Cooling from above T(1 ) to room temperature results 
in a chain extended 3-D orthorhombic phase of 
enhanced crystallinity wherein the side groups become 
accommodated in an orthorhombic unit cell, more 
especially and readily when samples are stretched. 

4. Heat treatment [temperature cycling or annealing 
near or above T(1 )] enhances chain and side group 
mobility that induces improved 2-D or 3-D order 
depending upon the rate of cooling of the polymer 
specimens. 

5. The interchain spacing is strongly influenced by side 
group chemistry and dimensions so that the smectic 
layer spacing is controlled by side group size and 21 
helical conformation. 

6. MAS n.m.r., d.s.c, and X-ray results provide a 
self-consistent picture of transitional change with 
heating/cooling through T(1 ). 

7. T~, T(1 ) and T m parameters scale in a manner that 
is consistent with the side group size and chemistry. 

8. Order, above and below T(1) depends upon sample 
history (time and temperature). 
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