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ABSTRACT: The solid-liquid crystalline phase transition of poly[bis(4-ethylphenoxy)phosphazene] has been
studied by solid-state 3'P NMR. The glass transition of poly[bis(4-tert-butylphenoxy)phosphazene] has also
been studied. There are a number of transitions in poly[bis(4-ethylphenoxy)phosphazene] which strongly
depend on thermal history. The highest premelt transition 7(1) around 110 °C is assigned to the solid to
liquid crystalline transition from the abrupt change in the mobility of the poly[bis(4-ethylphenoxy)phosphazene]
backbone observed by 3P NMR. Three resonances having different chemical shifts are observed at room
temperature (below T'(1)) in poly[bis(4-ethylphenoxy)phosphazene] and assigned to the crystalline, interfacial,
and amorphous phases. Poly[bis(4-tert-butylphenoxy)phosphazene] has a much higher T, than poly[bis(4-
ethylphenoxy)phosphazene], shows little evidence of crystallinity, and appears to be liquié crystalline both

above and below T.

Introduction

Recently! we have reported preliminary results of a
multinuclear NMR study of poly[bis(4-ethylphenoxy)-
phosphazene]. Polyphosphazenes are unusual among
synthetic polymers in that they have an inorganic back-
bone consisting of alternating N and P atoms. This results
in various unique properties,>” such as unusual mechan-
ical and thermal properties and biocompatibility. A wide
variety of side groups may be attached to the backbone
P atoms leading to a large number of chemically unique
polyphosphazenes. It is well-known!® that most semi-
crystalline polyphosphazenes have three transitions: T,
the thermotropic transition from crystalline to mesophase,
and the melting transition. Among these transitions, the
thermotropic transition is unique and interesting. Fur-
thermore, recently'®? it has been found that some poly-
phosphazenes, whose substituents have the structures
-0C¢H,X, have multiple crystalline forms below T(1), the
crystal-liquid crystal transition, and their occurrence de-
pends on the crystallization conditions.

These crystalline modifications and the mesophase have
been studied mainly by X-ray diffraction, electron dif-
fraction, and thermal analysis. Only a few studies®22 have
been concerned with the dynamic properties of poly-
phosphazenes. High-resolution solid-state NMR is one of
the most powerful methods available for the study of the
dynamics and conformations of solid polymers. However,
to our knowledge there are no reported studies of the phase
transitions in polyphosphazenes by high-resolution solid-
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state NMR. Generally polyphosphazenes have two kinds
of nuclei, 3P and '°C, which are readily observed® by
NMR. 3P, which is an abundant spin, gives information
concerning the mobility and conformation of the backbone,
while 13C NMR gives information on the conformation,
packing, and mobility of the side groups. Together 3'P and
13C NMR provide comprehensive information with which
we may begin to understand the physical properties of the
polyphosphazenes. Information concerning the backbone
mobility and conformation may shed light on the nature
of the crystalline and liquid crystalline states in poly-
phosphazenes.

Poly{bis(4-ethylphenoxy)phosphazene] and poly[bis(4-
tert-butylphenoxy)phosphazene] are typical poly-
phosphazenes; however they have not been widely stud-

ied 2425
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R = CH2CH3z or C(CH3)a

Here we focus our attention on the motional and confor-
mational states of these two polyphosphazenes. We mainly
report on the crystal-liquid crystal transition in poly-
[bis(4-ethylphenoxy)phosphazene] and the glass transition
in poly[bis(4-tert-butylphenoxy)phosphazene]. Compar-
ison of the results observed for poly[bis(4-ethylphen-
oxy)phosphazene] and poly[bis(4-tert-butylphenoxy)-
phosphazene] permits a discussion of the effects of side-
chain bulkiness on the formation of crystal and liquid
crystalline phases. The results of solid-state 3C NMR and

© 1989 American Chemical Society
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Figure 1. DSC scans of poly[bis(4-ethylphenoxy)phosphazene].
(a) (b) Heating (10 deg/min) and cooling (-10 deg/min) processes;
(c) heating process (10 deg/min) of a sample quenched from 120
to -30 °C at -320 deg/min.

X-ray structural studies will be published separately.

Experimental Details

Both poly[bis(4-ethylphenoxy)phosphazene] and poly[bis(4-
tert-butylphenoxy)phosphazene] were obtained by the Allcock
procedure.?® Polydichlorophosphazene was prepared by heating
purified (NPCly); in a sealed glass tube for 5 days at 250 °C with
rigorous exclusion of moisture. Derivatization of (NPCL), with
the 4-ethylphenoxide and 4-tert-butylphenoxide residues was
accomplished by employing thallium(I) salts of the phenols.?

Elemental analysis of the resulting polyphosphazenes showed
<0.2% residual chlorine. Gel permeation chromatography in-
dicated an average molecular weight of the order 10® for both
samples. The polymers are soluble in tetrahydrofuran, chloroform,
and benzene. 3'P NMR solution spectra in benzene consisted of
sharp singlet resonances at —19.3 ppm, poly[bis(4-ethylphen-
oxy)phosphazene], and —18.7 ppm, poly[bis(4-tert-butylphen-
oxy)phosphazene], relative to external HyPO,. P NMR spectra
(CgHy) of the corresponding cyclic trimers {[NP(OCgH,-4-ethyl),]s
and [NP(OCgH,-4-tert-butyl),]; exhibited singlet peaks at 8.80
and 8.88 ppm, respectively, relative to external H;PO,. Full details
of the sample preparations are presented in the preceding article.”

31p NMR spectra were recorded on a Varian XL-200 spec-
trometer at a static magnetic field of 4.7 T'. Magic angle sample
spinning (MAS) at a speed of ca. 3 KHz was achieved with a Doty
Scientific variable-temperature probe, which utilizes a double air
bearing design. The temperature was varied from 20 to 135 °C
by use of a heated flow and the standard Varian temperature
controller. Polyphosphazene in rubbery form was packed in
aluminum oxide rotors with Vespel endcaps. A 45-KHz rf field
strength was used for the dipolar decoupling (DD) of protons,
with a decoupling period of 200 ms. %P chemical shifts are
referenced against external HsPO, (0 ppm).

A Perkin-Elmer DSC-4 was also used to monitor the transitions
in poly[bis(4-ethylphenoxy)phosphazene] and poly[bis(4-tert-
butylphenoxy)phosphazene] by differential scanning calorimetry.

Results and Discussion

Poly[bis(4-ethylphenoxy)phosphazene]. As seen in
the DSC measurements shown in Figure 1, the steplike
change at ~16 °C is caused by the glass transition of the
amorphous phase. There are two transitions around 100
°C in the heating process of slowly cooled poly[bis(4-
ethylphenoxy)phosphazene]; one transition is located at
90 °C and the other at 110 °C.
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The heats of both transitions are not very large, indi-
cating small differences in order between crystalline phases
and the mesomorphic state or a rather small crystalline
content. The cooling process is also shown in Figure 1,
where only one transition in addition to T, is observed.
These thermal behaviors depend strongly on the prior
thermal history of the poly[bis(4-ethylphenoxy)phos-
phazene] sample. There is a large thermal hysteresis,
indicating the first-order character of the transition. Figure
1c shows the DSC scan for quenched poly[bis(4-ethyl-
phenoxy)phosphazene]. Here we observe the glass tran-
sition, the crystallization, the melting of one crystalline
form, recrystallization to a second crystal form, and the
T(1) transition. Details of the effects of crystallization
conditions on the phase behavior of poly[bis(4-ethyl-
phenoxy)phosphazene] will be published elsewhere.

The T(1) transition was also observed in the optical
microscope as discussed in our previous paper.! The
transition shows the change in birefringence typical of a
transformation from the crystalline to the liquid crystalline
state. The liquid crystalline state prevails up to ca. 200
°C, above which only the isotropic melt exists.

Figure 2 presents the temperature-dependent 3P NMR
spectra of poly[bis(4-ethylphenoxy)phosphazene] in both
the heating and cooling processes. At low temperatures
there are three components with different chemical shifts,
which correspond?®® to crystalline, interfacial, and
amorphous phases from low to high field, respectively.
This assignment has been confirmed by the real time ob-
servation of the crystallization process from the mesophase.
Single-scan *'P spectra were recorded at 75 °C after
quenching to this temperature from above 7'(1). This
permitted real time observation of the growth of poly-
[bis(4-ethylphenoxy)phosphazene] crystallinity. Details
of real time measurements will be published elsewhere.
The crystalline intensity decreases with increasing tem-
perature and completely disappears after the mesomorphic
T(1) transition, which is consistent with our optical mi-
croscope observations and X-ray measurements. The
decrease in crystalline intensity is especially significant
close to the lower temperature transition. This implies the
partial melting of the sample, or this polymorph and is
consistent with the DSC results.?!

Figure 3 shows the temperature dependence of the 3P
line width of the amorphous component. The line width
becomes sharper on heating above ambient temperature,
then broadens around 85 °C, and after the solid to liquid
crystalline transition, becomes very sharp. The line-width
broadening observed around 85 °C might be related? to
the melting of the low-temperature crystalline polymorph
and recrystallization to the high-temperature form. The
cooling process is qualitatively similar to the heating
process, but there is a hysteresis. The crystalline com-
ponent shows no significant change in its line width.

Figure 4 presents the temperature dependence of the
3P chemical shift of the amorphous component. The
chemical shift of the amorphous phase decreases contin-
uously as the temperature increases. A small cusp is ob-
served near the lower temperature transition. This ob-
servation coupled with those mentioned above indicates
that the transition at 90 °C affects the mobility and con-
formation of the poly[bis(4-ethylphenoxy)phosphazene]
backbone in the amorphous phase. The decreasing chem-
ical shifts mean that the amorphous nuclei are becoming
more shielded with increasing temperature, suggesting a
more conformationally disordered phase finally trans-
forming to a liquid crystalline phase. This behavior can
be understood if the constraints of the crystalline lamellae
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Figure 2. 3P NMR MAS/DD spectra of poly[bis(4-ethylphen-
oxy)phosphazene] at (a) 23, (b) 80, and (c) 120 °C in the heating
process and at (d) 100, (e) 60, and (f) 23 °C in the cooling process.

affect the conformation of the amorphous backbone.
Amorphous chains become less affected by the crystalline
constraints as more thermal energy is available. This is
also consistent with the observed sharpening of the
amorphous line width.

Figure 5 shows the temperature dependence of spin—
lattice relaxation times, T;, measured?® for both the
crystalline and amorphous components. The T, of the
crystalline phase is longer than that of the amorphous
phase as expected. The T of the crystalline phase has a
cusp at 85 °C, indicating the motional transition. After
the solid to mesomorphic state transition, only one com-
ponent remains whose T'; is not very different from that
of the amorphous phase below T'(1).

The T’s of the amorphous phase show no drastic change
through the 7'(1) transition, while the line width of the
amorphous phase, which is related to the spin—spin re-
laxation time,?® T\, drastically decreases. This behavior
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Figure 3. 5'P MAS/DD line width of the amorphous component
of poly[bis(4-ethylphenoxy)phosphazene)] measured during heating
(@) and cooling (0).

31p CHEMICAL SHIFT (ppm)

i

| ]
20 40 60 80 100 120
TEMPERATURE (°C)

Figure 4. 'P chemical shifts of the amorphous component of
poly[bis(4-ethylphenoxy)phosphazene] measured versus H,PO,
during heating (®) and cooling (0).
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Figure 5. °'P spin-lattice relaxation times, 7', measured for the

amorphous (A) and crystalline (C) components of poly[bis(4-
ethylphenoxy)phosphazene] during heating (®) and cooling ().

is typically observed in polymer systems undergoing a solid
to liquid transition. The existence of birefringence above
T(1) and the X-ray diffraction pattern consisting of a single
sharp equatorial peak strongly indicate the presence of
orientational order above the T'(1) transition. This is
consistent with the typical thermal behaviors report-
ed?®™1821 for other polyphosphazenes.

The temperature dependence of the rate of MAS at
constant spinner gas pressure is shown in Figure 6. The
spinning rate is generally related to the viscoelastic prop-
erties of the sample under the assumption that the sample
is homogeneous. Sample homogeneity is obtained by
spinning above T'(1). The MAS spinning rate under con-
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Figure 6. MAS rate at constant N, pressure during heating (®)
and cooling (0) of poly[bis(4-ethylphenoxy)phosphazene).
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Figure 7. Nonspinning 3P NMR spectra of poly[bis(4-ethyl-
phenoxy)phosphazene] at (a) 23, (b) 70 (cooling), and (c) 90 °C
(cooling).

stant N, pressure decreases near the 7(1) transition,
suggesting a softening of the sample.

The powder pattern 3'P spectra of poly[bis(4-ethyl-
phenoxy)phosphazene] observed without MAS are pres-
ented-in Figure 7. In the liquid crystalline state we still
observe chemical shift anisotropy. The line width is much
broader than with MAS (15 versus <1 ppm), suggesting
that the motion is not isotropic and not as rapid as in the
true liquid. This is consistent with the existence of liquid
crystalline order.

The first transition above T, (see Figure 1) has a larger
heat of fusion than the T(1) transition. The first transition
is thought?! to be the conversion through the melt or
disordered phase of one crystalline form to another, and
the second, or T(1) transition, is clearly the solid to liquid

Macromolecules, Vol. 22, No. 3, 1989
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Figure 8. DSC scan (10 deg/min) of poly[bis(4-tert-butyl-
phenoxy)phosphazene].

crystal transformation. It should be noted that the mot-
ional and conformational states of the amorphous back-
bone are affected by this transition. Poly[bis(4-ethyl-
phenoxy)phosphazene] chains in the amorphous phase
seem still to be affected by the crystalline phase below the
higher T'(1) transition. An increase in the line width be-
ginning around 70 °C (see Figure 3) indicates that the
second, higher temperature 7'(1) polymorph constrains the
amorphous chains more severely than the lower temper-
ature crystalline polymorph.

Poly[bis(4-isopropylphenoxy)phosphazene] has been
studied by Meille et al.?! recently, and they found two
crystalline forms. The phenomena observed in our poly-
[bis(4-ethylphenoxy)phosphazene] sample are essentially
the same as those seen in poly[bis(4-isopropylphenoxy)-
phosphazene]. The DSC scan of a quenched sample of
poly[bis(4-ethylphenoxy)phosphazene] (see Figure 1c)
clearly shows the exotherm after the first transition, in-
dicating recrystallization. This strongly suggests the ex-
istence of at least two crystalline forms which are thermally
interconverted by passage through the melt or a disordered
phase. The difference in the bulkiness of the terminal
side-chain groups between these two polyphosphazene
polymers does not seem to play a critical role in their phase
behavior, and these phenomena also seem to be general
in other polyphosphazenes.>”182 (Contrast this behavior
with that shown by poly[bis(4-tert-butylphenoxy)phos-
phazene] in the next section.)

Poly[bis(4-tert-butylphenoxy)phosphazene]. Figure
8 shows the DSC scan of poly[bis(4-tert-butylphenoxy)-
phosphazene]. Its glass transition is observed at 50 °C.
No clear T(1) has been detected.

The temperature-dependent 1P NMR MAS /DD spec-
tra of poly[bis(4-tert-butylphenoxy)phosphazene] are
preserted in Figure 9. The spectra are very broad below
T, and sharpen above T,. There appears to be no sig-
nificant amount of crystalline phase, which is consistent
with the DSC results and X-ray measurements. A small
asymmetry observed in the spectra below 80 °C may in-
dicate backbone conformational heterogeneity, probably
resulting from a small amount of crystallike order. Above
100 °C this asymmetry disappears. A dramatic change in
the line widths of the spinning side bands occurs between
80 and 100 °C.

Figure 10 presents the temperature-dependent *'P line
widths, with a narrowing observed around T,. This line-
width narrowing is not as drastic as that observed through
the T'(1) transition in poly[bis(4-ethylphenoxy)phosphaz-
ene], which is consistent with the general properties of the
glass transition.
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Figure 9. 3P NMR MAS/DD spectra of poly[bis(4-tert-bu-

tylphenoxy)phosphazene] recorded at (a) 23, (b) 40, (¢) 50, (d)
60, (e) 80, and (f) 100 °C.
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Figure 10. 3'P MAS/DD line widths measured for poly[bis(4-
tert-butylphenoxy)phosphazene].

From optical microscope observations and X-ray dif-
fraction measurements poly[bis(4-tert-butylphenoxy)-
phosphazene] does appear to possess liquid crystalline
order either below or above T,. It may not be too sur-
prising that the liquid crystalline phase becomes glassy
below T, with orientational order if no other ordering, such
as crystallization, takes place.

The temperature dependence of 3'P T’s is shown in
Figure 11, where T} is observed to decrease almost mon-
otonically with increasing temperature. Poly[bis(4-tert-
butylphenoxy)phosphazene] T’s are on the slow motion
side® of the T, curve, with motion of the backbone slower
than the resonance frequency. Both the line width and
T, values show an anomaly around 7,. This might be
related to some sort of slowing down of the motion or
reorganization of the poly[bis(4-tert-butylphenoxy)phos-
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Figure 11. 3'P spin-lattice relaxation times, T, measured for
poly[bis(4-tert-butylphenoxy)phosphazene}.
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Figure 12. 3P chemical shifts versus H3PO, measured for
poly[bis(4-tert-butylphenoxy)phosphazene].

phazene] chains around the T, transition. The transition
observed in poly[bis(4-tert-butylphenoxy)phosphazene] is
not a typical glass transition because it involves the tran-
sition from a liquid crystalline glass to a liquid crystal. The
phases both below and above T, have orientational order
in contrast to the usual disordered amorphous glasses. The
anomaly observed near T, may be related to the presence
of this orientational order. Poly{bis(4-tert-butylphen-
oxy)phosphazene] has a much higher 7, than poly[bis(4-
ethylphenoxy)phosphazene], which may be related to the
greater bulkiness of the tert-butyl moiety terminating the
side groups. This difference in T, probably produces the
differences in line width and chemical shift between
poly[bis(4-ethylphenoxy)phosphazene] and poly{bis(4-
tert-butylphenoxy)phosphazene] in the liquid crystalline
state.

Figure 12 shows the temperature dependence of the 3'P
chemical shifts observed in poly[bis(4-tert-butylphen-
oxy)phosphazene]. As in the case of poly[bis(4-ethyl-
phenoxy)phosphazene], the poly[bis(4-tert-butylphen-
oxy)phosphazene] chemical shifts move continuously up-
field with increasing temperature, suggesting a thermally
induced conformational disordering.

Conclusions

As pointed out by Allcock et al.,%5%%32 the backbones
of polyphosphazenes are inherently flexible because of the
nature of the bonding, and this is evidenced by their
generally low T,’s. The rotational barriers for the back-
bone are governed by steric interactions between side
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chains and can be substantial as in the case of poly[bis-
(4-tert-butylphenoxy)phosphazene] with bulky tert-bu-
tylphenoxy groups, leading to a T significantly above room
temperature. The 3P NMR results support the suggestion
of flexibility and conformational disorder in the backbone
of the amorphous phase and the mesophase. The absence
of liquid crystalline order below T(1) in the amorphous
phase of poly[bis(4-ethylphenoxy)phosphazene] may be
ascribed to the geometrical constraints provided by the
crystalline phase. No such constraints appear to exist in
poly[bis(4-tert-butylphenoxy)phosphazene], which is not
crystalline, and liquid crystalline order is observed instead
throughout the entire temperature range.

To summarize, we have primarily studied the backbone
motional and conformational states of polyphosphazenes
by selective excitation of 3P nuclei. The chemical shifts
of amorphous backbone 3'P nuclei move upfield with in-
creasing temperature, which suggests that the amorphous
phase becomes more disordered. At first the amorphous
line width in poly[bis(4-ethylphenoxy)phosphazene] de-
creases with temperature, than it increases as the amorp-
hous chains apparently become more tightly constrained
by the higher temperature crystalline polymorph, and fi-
nally it is sharply reduced as poly[bis(4-ethylphenoxy)-
phosphazene] moves into the liquid crystalline state. The
motional and conformational state of the side groups
should yield important information concerning these
transitions. A more detailed companion study including
the results of solid-state 3C NMR and X-ray diffraction
studies will be published elsewhere.
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ABSTRACT:

3-(Dimethyl-n-hexylsilyl)-1-hexyne and 3-(dimethylphenylsilyl)-1-hexyne [HC=CCH-

(SiMe,R)-n-C3Hy R = n-CgHy3, Ph; new compounds) formed polymers in excellent yields in the presence of
Mo and W catalysts. The highest weight- and number-average molecular weights (M., and M,) of poly[3-
(dimethyl-n-hexylsilyl)-1-hexyne] were ca: 4 X 10° and 2 X 10%, respectively (MoClz—Ph,Sb as catalyst), while
the highest M, and M, of the corresponding phenyl-substituted polymer were ca. 2 X 10° and 8 X 10*
(WClg-Ph3Sb). Both of the present polymers were yellow solids, whose structure could be represented as
[—CH=C(CHSiMe,R-n-C3;H;)—],. They dissolved in many common organic solvents and could be cast from
solution into films. Mechanical, thermal, and some other properties of the polymers are discussed.

Introduction

Recently, many polymers have been synthesized from
substituted acetylenes by use of transition metal catalysts.?
Among the polymers, Si-containing polyacetylenes often
exhibit unique properties and functions (e.g., high gas
permeability?); thus their synthesis is an intriguing subject.
One of the simplest Si-containing acetylenes is (tri-
methylsilyl)acetylene. This monomer, however, usually
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produces a polymer partly insoluble in common organic
solvents,® and the molecular weight of its soluble fraction
is no more than ca. 1 X 10, Monomers in which one of
the methyl groups in (trimethylsilyl)acetylene is replaced
by other groups such as n-hexyl and phenyl also provide
only polymers with similar molecular weights.®

In a previous paper,” 3-(trimethylsilyl)-1-alkynes
[HC=CCH(SiMey)-n-alkyl, 1] were employed as another
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